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Investigation of the significance of the rumen and the 
biochemical reactions occurring therein as related to produc­
tion of domesticated ruminants has been an active area of 
research for over a century. This research has amply demon­
strated that the environmental conditions maintained in the 
rumen favor growth of a large microbial population which 
contributes markedly to the nutritional well-being of the 
host. It has been only in more recent years that information 
has become available as to the importance of the end products 
of the microbial fermentation, the volatile fatty acids, as a 
major source of energy for ruminants. Altering the rumen 
fermentation by increasing the total quantity of acids 
produced, by changing the proportions of the individual acids 
or a combination of these changes can significantly alter 
production of meat, milk or wool. 
The factors affecting volatile fatty acid production in 
the rumen have been recently investigated under many different 
dietary conditions. It has been generally observed that the 
quantity and proportions of these acids are largely determined 
by the characteristics of the diet, such as chemical com­
position and physical form. These findings have tended to 
renew scientific interest in the effect of processing various 
feeds for ruminant rations. 
The relationship between the diet and the rumen microbial 
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population has not been exhaustively investigated but suffi­
cient evidence is available to suggest that the nature of the 
diet may influence the number and type of organisms inhabiting 
the rumen. Since the microorganisms produce fatty acids 
during the process of rumen fermentation, the microbial 
population is an important mediating agency between the diet 
and animal performance. Certain rations containing large 
quantities of finely ground grain or pelleted grain do not 
support a large protozoal population within the rumen. The 
protozoal population in turn also influences the bacterial 
population since certain bacterial species flourish in the 
absence of protozoa in the rumen. 
Despite all the evidence which is available, the changes 
in ruminai volatile fatty acid patterns that appear with 
changing rations are not well understood. For example, it is 
not certain whether processing of feeds, such as pelleting or 
heating, which are known to alter ruminai acid production, 
brings about a chemical change in the feed or whether the 
physical change of the feed affects the microbial population, 
which in turn regulates the acid pattern. 
The purpose of this research was to study the effects of 
and the relationships between level of concentrate, physical 
form of the ration and microbial population upon volatile 
fatty acid production in sheep. In vitro rumen fermentation 
studies were also conducted to investigate the effects of 
pelleting on availability of the ration to rumen microorgan­
3 
isms, and to investigate in more detail the relationships 
between the rumen microbial population and various dietary 
substrates as they affect volatile fatty acid production. 
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REVIEW OP LITERATURE 
The Influence of Ratio of Concentrate to 
Roughage in Ruminant Rations 
The literature pertaining to ratio of concentrate to 
roughage in ruminant rations is extensive» Investigations on 
this have been conducted at a large number of laboratories 
and experiment stations during the past 60 years. There are, 
at least, three factors which prompted an inquiry into the 
optimum level of concentrate feeding. First, grain production 
in the southwestern United States was limited, resulting in 
the use of relatively large amounts of roughage in fattening 
rations. On the other hand, grain was fairly abundant in 
other sections of the country. Second, the development of 
grinding and mixing equipment made possible the feeding of 
complete ground-mixed rations. Third, the pelleting of com­
plete mixed rations resulted in a re-evaluation of optimum 
levels of concentrate in fattening rations. Because of the 
voluminous literature on this subject, an attempt is made to 
review the literature thoroughly but not comprehensively. 
The review is organized to give the reader a general back­
ground of the influence of concentrate feeding on animal 
performance, ration digestibility and ruminai volatile fatty 
acid production. 
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The effect of level of concentrate on growth» fattening and 
milk production 
It Is well known that rations containing large quantities 
of sun-cured roughages do not support rapid weight gains in 
fattening beef cattle. On the other hand, animals fed 
ensilage make surprisingly fast and economical gains. Feeding 
of grain with either sun-cured roughages or ensilage usually 
promotes faster gains and produces animals which carry a more 
desirable finish at the end of the fattening period. The 
relative amounts of concentrate and roughage a fattening 
ration should contain is largely determined by the relative 
costs and availability of these feedstuffs. Certainly, these 
factors vary from year to year and from one area to another. 
Other factors, such as the grade or quality of the cattle to 
be fattened, the price differential between fat cattle grades 
and when the cattle are to be marketed must be considered in 
deciding what level of concentrate feeding is most desirable. 
One of the earliest studies of concentrate feeding to 
fattening cattle was conducted at the Iowa Station (Kennedy 
et al.. 1904). Light, medium and heavy grain rations were 
fed to steers in a 189-day fattening trial. Steers fed a 
light or medium grain ration made more economical gains than 
those fed a high grain ration, but did not carry enough 
finish to sell at a market price similar to that of high-
grain-fed steers. However, the price received for the high-
grain-fed cattle was more than enough to offset the cheaper 
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gains made by those fed a light or medium grain ration. 
Jones e^  al, (1942) found that steers fed sumac silage and 
cottonseed meal, without additional grain, fattened slowly 
and required 200 days to reach market weight. However, this 
proved to be a profitable means of marketing large amounts of 
silage during a time when limited amounts of grain were avail­
able. 
In a later study, Keith et a2. (1952) fed calves and 
yearling steers rations in which the concentrate to roughage 
ratios were 1:3, 1:2, 1:1, 2:1, 3:1 and 4:1. Maximal gains 
in calves were obtained at a ratio of 2:1 while yearling 
steers gained most rapidly at a 3:1 ratio. Feed efficiency 
generally improved as the level of concentrate increased. 
Similar results were reported by Pahnish ejb aJ. (1956); how­
ever, the gains of yearling steers were nearly as good at a 
1:1 ratio as at a 2:1 ratio. In contrast, Richardson e^  al. 
(1961a) reported the results of a series of trials which 
showed that a concentrate to roughage ratio of 5:1 was 
superior to narrower ratios as far as rate of gain was con­
cerned; feed efficiency was also improved but was not much 
better than the 3*1 ratio. Carcass quality was comparable 
between the 3:1 and $:1 ratios; however, it was significantly 
lower than a 1:1, or a ratio changed by increasing the con­
centrate every 28 days during the fattening period. 
Workers at the Oklahoma Station (McCroskey e^  a2., 1958a 
and McCroskey et al., 1958b) conducted a series of trials 
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with fattening cattle in which the levels of concentrate were 
35» 50, 65 and 80 percent. The concentrate was composed of 
ground milo, cottonseed meal and molasses with the roughage 
supplied by chopped alfalfa hay and cottonseed hulls. 
Average daily gains for the steers were not significantly 
different between groups fed different levels of concentrate: 
heifers gained significantly faster at the 50 percent level 
of concentrate than at other levels; calves fed a 50 percent 
level required the least time to reach market weight; feed 
intake declined as the level of concentrate increased, which 
thus equalized the consumption of total digestible nutrients; 
feed efficiency and carcass grade were not different between 
levels of concentrate. Roubicek et al. (I96I) at the Arizona 
Station fed steers similar levels of concentrates in alfalfa-
barley rations and found no outcome difference between levels 
with respect to gain and feed conversion. The 80 percent 
level gave a slight advantage in rate of gain but was the 
least economical of the levels studied. In a second trial 
(Hale et al., I962), feed consumption and daily gains were 
lowered, but feed conversion was markedly improved with a 90 
percent concentrate ration over a 55 percent concentrate 
ration. Anthony ejb 3^, (i960) found that performance and 
carcass quality of steer calves were adversely affected when 
the ration contained less than 30 percent roughage. Kolari 
et al. (1962) fed heifers 2, 4, 6 and 8 pounds of hay daily 
in addition to a high-energy mixed ration and found no differ­
8 
ence, overall, In gains. However, feed required per imlt 
gain increased with increasing levels of hay. Carcass weight, 
carcass grade and marbling score tended to favor heifers fed 
either two or four pounds of hay. 
The use of high or all-concentrate finishing rations has 
been of interest in recent years. Woods ejb aŒ. (I962), in a 
summary of three experiments, found that a completely-mixed 
(no hay) finishing ration containing ground ear com, supple­
ment and 10 percent cobs was superior to a non-mixed com-
hay-supplement ration (20 percent hay). Steers fed the no-hay 
ration gained five percent faster on five percent less feed 
than those fed the conventional ration. Addition of hay 
(1.5 to 3*0 pounds per steer daily) to the no-hay ration did 
not improve performance. A series of trials were conducted 
at the Oregon Station (Sal s ton e;t al., I962) involving 288 
cattle which were fed finishing rations containing 5^  to 93 
percent concentrates. In general, average daily gains were 
comparable between the lower and higher concentrate levels. 
Marbling scores were higher when the level of concentrate in 
the ration was low. High-concentrate rations exerted more 
effect on marbling score than on daily gain or the amount of 
back-fat. In contrast, Bucy and Bennion (1962) reported 
inferior gains and poorer feed conversions with steers fed a 
70 percent as compared to either an 85 or 95 percent concen­
trate ration. Carcass grade and yield were similarly affect­
ed. In a second experiment, steers fed an all-concentrate 
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ration for 30 days made poor gains with lowered feed con-
simptlon. Shifting the ration to 95 percent concentrate 
resulted in performance which was no better than that of an 
85 percent ration. 
The feeding of pelleted fattening rations containing 
various levels of concentrates to beef cattle has been stud­
ied at various stations. Omarik et al. (1957) reported 
comparable performance and carcass quality with steers self-
fed rations containing either 55» 65 or 75 percent concen­
trate in a completely pelleted ration. Feed efficiency, how­
ever, decreased with increasing proportions of roughage in 
the ration. A later study was conducted at the Illinois 
Station (Webb ejt al., 1959) In which calves, yearlings and 
two-year old steers were fed 0, 15, 50, 60 and 80 percent 
concentrate in completely pelleted rations: average daily 
gains for all age groups increased with increasing levels of 
concentrate to the 60 percent level; a level of 80 percent 
1 
did not result in better performance than the 60 percent 
level. None of the cattle fed the 0 or I5 percent concen­
trate had acceptable market finish, although the gains were 
quite satisfactory. Beardsley ejk al. (1959) found that 
"steer gains" decreased when the proportion of concentrates 
were lowered from 70 to 4o percent in non-pelleted rations. 
Pelleting the rations had the reverse effect, that is, rate 
of gain increased with decreasing proportions of concentrates 
in the ration. McCroskey ejt al. (I96I) fed calves and year­
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lings rations having a concentrate to roughage ratio of 1 
or 4:1. Feeding the high-concentrate, non-pelleted ration 
decreased feed consumption, increased daily gains and improved 
feed conversion as compared to the low-concentrate ration. 
Pelleting the high-concentrate ration depressed feed intake 
but had no effect on gain as compared to the low-concentrate 
ration. Peed efficiency was improved by pelleting either 
ration as compared to the non-pelleted rations. Carcass 
composition was adversely affected by the higher concentrate 
level. A cut from the rib section contained less lean, bone 
and more fat and the Longissimus dorsi muscle contained more 
fat. Perry e^  al. (1958) observed that lowering the percent 
cob from 70 to 4$ increased daily gains and improved feed 
conversion with either the meal or pelleted form. Further 
reducing the percent cob had no effect on gains, lowered feed 
consumption and markedly improved feed conversion. Carcass 
quality was superior with rations containing 45 percent or 
less cob but a further reduction below 20 percent cob did not 
give additional improvement in carcass quality. 
The results of these studies, in general, indicate that 
cattle performance and carcass merit can be improved by the 
addition of concentrates in ground-mixed or conventional 
rations to a level of about 60 percent. Further increases in 
the level of concentrates results in only slight improvement 
in gain, lowered feed consumption, but gave a marked improve­
ment in feed conversion. Carcass quality may not be affected; 
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however, there is a tendency for the carcasses to contain 
more fat and somewhat less lean. Pelleting appears to "be of 
greatest benefit with respect to gain and feed consumption in 
rations containing larger proportions of roughage. Lowered 
feed intake and improved feed efficiency are consistently 
observed with the feeding of pelleted high concentrate 
rations. 
Lambs appear to be less tolerant of high-level grain 
feeding than are cattle* A majority of the studies with 
lambs have, therefore, been with rations containing 60 per­
cent, or less, of concentrates. 
Coz (19^ 8) summarized seven experiments in which lambs 
were fed corn-cottonseed meal-alfalfa rations containing 35» 
5^ and 55 percent concentrates. The ^ 5 percent concentrate 
ration supported greater gains with less feed than either of 
the other rations. Dry matter intake decreased with increas­
ing proportions of concentrate in the ration. Carcass stud­
ies failed to establish a difference in favor of the higher 
concentrate ration. Cox suggested that weight gains were not 
always positively correlated with dry matter intake or intake 
of total digestible nutrients. The liveweight gains appeared 
to follow a certain pattern reflected by the ratio of crude 
fiber to total digestible nutrients. This was not confirmed 
by Bell et al. (1952) who reported no difference in gains of 
lambs fed rations in which the crude fiber-total digestible 
nutrient ratio was 1or 1:5.1. The intake of total diges­
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tible nutrients was equalized between the rations. On the 
other hand, Neale (1955) found that daily gains and feed 
consumption decreased as the proportion of concentrate in the 
ration was increased. An optimum concentrate to roughage 
ratio of ^ 5:55 for unpelleted rations was suggested by 
Menzies et al. (1958). A pelleted 50:50 ration did not prove 
superior to an unpelleted 40:60 ration with respect to lamb 
performance. In later studies, a sorghum grain-alfalfa ratio 
of 30:70 proved to be superior to a 20:80 ratio as far as 
gains and economy of gains were concerned. Rations containing 
40 or 50 percent grain were intermediate in supporting per­
formance but caused digestive disturbances in the lambs. 
When rations containing 10, 20, 30, 40, 50 or 60 percent 
concentrate were pelleted, lamb gains were similar up to a 
level of 40 percent, but were reduced at higher levels 
(Menzies et al.. I960). Peed consumption tended to decline 
with increasing levels of grain. Peed efficiency followed a 
similar trend with the 50 and 60 percent levels being the 
more efficient. 
Elliot and Ellsworth (1953), using rations containing 
20, 40 or 60 percent concentrate, found that rate of gain and 
feed conversion were improved with increasing proportions of 
grain in the ration. According to Hartman e^  al. (1959), a 
ration containing 71 percent concentrates resulted in gains 
that were comparable to a 4-1 percent ration. The lambs fed 
the low-concentrate ration required 12 percent less feed. 
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shrank less in transit and yielded heavier carcasses than 
those fed the high-concentrate ration. In a comparison of 
40, 50 or 60 percent concentrate rations, Ross and Pavey 
(1959) observed that the 40 or 50 percent rations supported 
greater gains with less feed than the 60 percent level. In 
contrast. Woods and Ehodes (I962) found that feeding lambs a 
60 percent concentrate ration increased gains slightly, 
lowered feed consumption and markedly improved feed conver­
sion as compared to a 4o percent concentrate ration. Similar 
results were reported by McClure et al. (i960) who also con­
cluded that the maximum gains with non-pelleted rations were 
obtained at a 60 percent concentrate level and with pelleted 
rations at a ^ 5 percent level. 
It would appear, from these data, that lambs respond to 
increasing levels of concentrate in a manner similar to that 
of cattle. The optimum level of concentrate for maximum 
fattening gains lies between 50 and 60 percent with non-
pelleted rations but may be 50 percent or less for pelleted 
rations. 
Dairymen and nutritionists, during the last four decades, 
have been keenly interested in the effect concentrate feeding 
to lactating cows has on milk production. For practical 
reasons, it is not intended to review this subject exhaus­
tively, but rather to cite the more recent reports appearing 
in the literature. The main objective here is to give the 
reader a general background of the effect of level of concen­
14 
trate per se on milk yield and composition. The aspects of 
rumen fermentation related to this area are discussed in 
other sections of this review. 
Prior to 1938, dairy nutritionists were only passively 
concerned with nutritional factors affecting milk composition. 
This position was perhaps a result of the consumers* perfer-
ence for milk of high fat content and to the methods then 
available of marketing milk. There was some hesitancy on the 
part of dairymen to feed greater amounts of concentrates for 
fear of increasing nutritional disturbances and disease. 
Attention was focused on the effect of nutrition on the 
fat content of milk by Powell (1939). He observed that the 
fat percentage in milk was influenced markedly by feeding 
finely ground roughage or by restricting the amount of rough­
age fed to lactating cows. During the 1940*8 numerous labor­
atories and experiment stations demonstrated the relative 
ease with which the phenomena could be produced. Other 
workers approached the problem from the standpoint of a 
change in the rumen fermentation or in the metabolism of the 
end-products of rumen fermentation. 
Reid (1956), in reviewing this subject, emphasized that 
cows fed all-roughage rations of high quality were capable of 
producing 70 to 87 percent as much milk as cows fed the same 
roughage but with concentrates added at the rate of one pound 
per six pounds of milk produced. The bulk of the variation 
observed in milk yields, Reid suggested, was due to the 
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quality of roughage or to the physical condition and produc­
tive capacity of the cows. The work of Bloom e^  aJ^ . (1957%) 
supports this proposal, at least in part. Bloom and asso­
ciates fed lactating cows rations containing concentrate to 
roughage ratio of 25:75, ^ 5:55, 65:35 and 85:15* Milk 
production closely paralleled the estimated net energy input 
of feed; however, "both production and energy input were 
depressed on the 25:75 ration. This was a reflection of the 
animal's inability to consume enough feed to satisfy its 
energy requirement. The 85:15 ratio produced the largest 
yields of milk and the cows lost the most amount of weight. 
The authors concluded however, that the milk production 
ability of the cows exerted a greater influence on milk pro­
duction than did the intensity of feeding. Hotchkiss e^  al. 
(i960) found that the protein content of milk was highest 
with the 65:35 and 85:15 ratios. Milk production and protein 
and lactose levels in milk were decreased by underfeeding. 
Elliot and Loosli (1959a) studied concentrate to roughage 
ratios based upon 20, 40 or 60 percent of the estimated net 
energy supplied by hay. The energy input was held at a con­
stant level above maintenance. The level of concentrate had 
no effect on fat-corrected milk yields. As the level of con­
centrate increased, there was a linear increase in fat-cor­
rected milk per therm of digestible energy above maintenance. 
Feeding rations composed of 40, 60 or 80 percent dry matter 
from roughage, with the balance from concentrate, resulted in 
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only slight increases in milk production as the proportion of 
concentrate in the ration vias increased (Putnam and Loosli, 
1959)• Efficiency of milk production was decreased as the 
level of concentrate increased but the percentage of fat was 
not appreciably affected. Putnam and Davis (I96I) have shown 
similar results, with pelleted rations containing 20 to 75 
percent concentrate, with respect to fat content. 
According to Ronning et al. (1959)» the addition of 12 
percent concentrates to a chopped hay ration increased dry 
matter intake and milk production to levels comparable to 
those obtained by pelleting the all-hay ration. Addition of 
concentrates to pelleted hay did not improve feed intake or 
milk yield over the pelleted hay alone, or chopped-hay-con-
centrate rations. Butterfat percentage was not affected by 
either of the pelleted rations. In a study comparing 0, I5, 
30 and 45 percent levels of concentrates in complete pelleted 
rations, Ronning (i960) observed an increase in milk produc­
tion as the concentrate level was increased to 30 percent. 
Milk production was lowered at the ^ 5 percent level and fat 
content of milk was markedly lowered at both the 30 and 45 
percent levels. Peed consumption was highest on the 30 per­
cent level and lowest on the 45 percent. Energy utilization 
was markedly lower on the JO and 45 percent levels than on 
either of the other two rations. 
Holmes et a2. (1957) reported an increase in solids-not-
fat and protein content of milk when concentrates were added 
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to the rations of lactating cows. In a later study, Holmes 
et al. (i960) confirmed the earlier work and further demon­
strated that milk production was significantly increased with 
increasing proportions of concentrate in the ration. Boyd 
and Mathew (I962) reported that fat-corrected milk production 
and solids-not-fat were not affected but the fat content of 
milk and protein percentage increased with increasing propor­
tions of concentrates in the ration. In contrast, Peters et 
al. (1959) observed a significant increase in total solids and 
fat content of milk produced from cows fed a high-fiber ration 
as opposed to a low-fiber ration. 
Bishop ejb al. (I963) reported that feeding a high-concen­
trate ration resulted in significantly lower fat percentage 
and higher protein content of milk when compared to a low-
concentrate ration. Solids-not-fat or body weight gains were 
not greatly affected by the level of concentrate. The low-
concentrate rations were more efficiently utilized for milk 
production than were the high-concentrate rations. Pelleting 
the concentrate increased milk yield and lowered fat content 
of milk as compared to the meal concentrate. Cows fed con­
centrate in the meal form consumed more feed; however, the 
efficiency of fat-corrected milk production favored the 
pelleted concentrate. 
The responses of lactating dairy cows to increased 
levels of concentrate feeding appear to be mainly due to an 
elevation in energy level of the diet. Milk production is 
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consistently increased with concentrate feeding, while solids-
not-fat and protein content are similarly increased. The fat 
content of milk appeared to be variably influenced by level 
of concentrate. 
The effect of level of concentrate on ration digestibility 
and end-products of digestion in the rumen 
The change in animal performance observed when the level 
of concentrate was varied, raised the question of whether 
these changes were due to nutrient utilization. Digestibility 
studies have been conducted to answer this question. 
As early as 19^ 3j Mitchell (19^ 3) concluded that rough­
ages and concentrates consumed together resulted in protein 
digestibilities which were unpredictable. Watson et al. 
(19^ 1), in studies of the associative effects of hay and 
grains in digestion concluded that the digestibility coeffi­
cients tended to be lower for mixed hay-grain rations than 
for grains alone. On the other hand, protein digestibility 
was not affected by feeding mixtures of hay and concentrates 
(Watson et al., 19^ 7). 
According to Phillips et aJ.. (I95I), the apparent diges­
tibility of all nutrients increased, except for protein in 
one instance and crude fiber in another, as the level of com 
in lamb rations was increased from 25 to 75 percent. Similar 
results with cattle were reported by Haynes et aa. (1955)» 
Pahnish et al. (I956) and Richardson et al. (1961a). In 
contrast, Dowe al. (1959) reported that the digestibility 
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of dry matter and ether-extract increased as the corn-hay 
ratio was varied from 1:1 to :^1 in iso-nitrogenous rations. 
Nitrogen-free extract, crude fiber and protein digestibility 
were similar at all levels of com. 
Putnam and Loosli (1959) determined the digestibility of 
rations containing 40, 60, 80 or 100 percent roughage. They 
found that the digestibility of dry matter, crude protein, 
ether extract and nitrogen-free extract increased, and crude 
fiber decreased as the proportion of concentrate was increased. 
In a companion study (Elliot and Loosli, 1959a) the digesti­
bility of ether-extract, nitrogen-free extract and gross 
energy increased with increasing proportions of concentrate 
(20, 40 or 6o percent of the estimated net energy supplied by 
hay). Crude fiber and crude protein digestibilities were not 
affected by level of concentrate, A greater percent of diges­
tible energy was excreted via the urine as the level of rough­
age increased, which was apparently due to the increased in­
take of nitrogen from the hay, 
Hopson gt ai., ( I960)  determined the digestible energy 
and total digestible nutrients in alfalfa-sorghum grain 
rations containing 20, 30, 4o and 50 percent concentrates. 
"Digestible-energy" and total digestible nutrients for the 
four levels of concentrate were: 57.25, 52.98; 65*74, 60.37î 
66,69, 61,88 and 67,79» 61.19, respectively. These data 
indicate that both measurements increased with increasing 
levels of concentrate. Digestible-energy and total diges-
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tlble nutrients were thus significantly correlated. Brent 
et ale (1961) confirmed these results with respect to diges­
tible energy in digestibility trials with lambs fed complete 
pelleted rations containing 10, 20, 30, 4o, 50 and 60 percent 
sorghum grain. Dry matter digestion -was highly correlated 
with digestible energy on each individual ration. Protein 
digestibility was similar for the 10 and 20 percent levels, 
for the 30 through 60 percent levels but higher for the 
levels above 30 percent. Nitrogen retention increased with 
increasing levels of grain to 50 percent. Donefer et al. 
(1963) also observed this relationship of digestible energy 
with level of concentrate in pelleted alfalfa-barley rations 
containing 0, 15, 30, 45 and 60 percent barley. Digestibility 
of protein and cellulose-free carbohydrate increased markedly 
with increasing proportions of barley, but cellulose diges­
tibility was only slightly lowered. 
Dowden et (1959) observed no apparent effect on 
forage digestibility when grain was added at three levels to 
the ration. The digestion coefficients were corrected for 
grain by assuming a constant digestibility for the grain. In 
a similar study, Kane et (I96I) compared the digestibility 
of rations containing alfalfa hay-dairy concentrate in ratios 
of 10:1, 3*1 and 1:1 by dry dairy cows. Apparent digestibil­
ity of dry matter, crude protein, ether extract and nitrogen-
free extract were significantly higher at the 1:1 ratio than 
at the other ratios. There were no significant differences 
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in the digestibilities of the forage components (coeffi­
cients corrected for grain) between the levels of grain. 
These data indicate that the differences in digestibility of 
the rations were due solely to the relative amounts of grain 
therein. 
McCrosksy e^  al.. (1961) compared the digestibilities of 
two rations having concentrate to roughage ratios of 1:4, and 
4:1. The digestibility of dry matter and nitrogen-free ex­
tract was higher and protein and crude fiber lower, for the 
4:1 ratio as compared to the 1:1 ratio. The digestibility of 
the crude fiber was unusually low, which suggested an accel­
erated rate of passage which did not permit sufficient micro­
bial breakdown of the fibrous portion of the ration. Bloom 
et al. (1957a) observed similar depressions in crude fiber 
digestibility when the concentrate was increased from 25 to 
85 percent in dairy cow rations, Balch e^  al. (195^ ') and 
Balch e^  al. (1955^ ) had earlier reported lowered digestibil­
ity of crude fiber in low hay-high concentrate rations, 
Balch (1950) observed that the differences in crude fiber 
digestibility were not correlated with the rate of passage in 
all-hay rations. Depressions in digestibility of crude fiber 
accompanying the addition of mangolds or readily available 
carbohydrates was not associated with changes in the rate of 
passage of the hay portion. He observed that fiber digestion 
was more rapid when the rumen contents were highly fluid, 
suggesting that the lowered digestibility was associated with 
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the dry matter content of the rumen digesta. This was con­
firmed by Balch and Johnson (1950). In contrast Emery ejt al. 
(1958) reported that the dry matter content of rumen Ingesta 
was not significantly affected by the hay-concentrate ratio 
but did tend to increase with increasing plane of nutrition. 
Dry matter and ash content of rumen fluid increased as the 
percentage of grain was increased from zero to 80 percent 
(Emery e^  , i960). The same response, however, could not 
be obtained by beginning with the 80 percent level and de­
creasing it to zero. Balch et al, (195^ ) observed that, when 
the digestibility of crude fiber was depressed in rations low 
in hay, the digestibility of carbohydrate (starch) increased, 
resulting in a balancing effect between these components. 
Woods and Rhodes (I962) found that increasing the level 
of concentrate from 4o to 60 percent increased the digesti­
bility of organic matter. Increased energy and Increased 
nitrogen retention. Cellulose or protein digestibility were 
not affected by level of concentrate. 
The improved performance observed in ruminants with 
concentrate feeding is accompanied by changes in the utili­
zation of certain nutrients in the ration. Digestibility of 
dry matter is rather consistently increased by increasing the 
level of concentrates. This appears to be due largely to 
Increases in the cellulose-free carbohydrate and ether-ex­
tract components. Protein digestibility, as indicated by 
Mitchell (19^ 3) was unpredictable. Crude fiber or cellulose 
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digestibility were consistently lowered by addition of con­
centrates to the 2ration. This cannot be explained entirely 
by an accelerated rate of passage of these materials through 
the digestive tract. A reduction in the number of cellu-
lolytic microorganisms in the rumen may be a more plausible 
explanation of this effect. 
It has long been recognized that the volatile fatty 
acids found in the rumen arise primarily from the fermenta­
tion of cellulose and other dietary carbohydrates. Their 
nutritional significance was demonstrated by Barcroft et al. 
(1944), McAnally (1944) and McAnally and Phillipson (1942) 
who showed that these acids were absorbed from the rumen and 
that their concentration in peripheral blood remained low. 
It was evident that the acids were metabolized by the liver 
and other tissues. This has been confirmed by Annison et_ al. 
(1957)» Pennington (I952), (1954) and Pennington and Suther­
land (1956). 
The concentration of volatile fatty acids in the rumen 
and the proportions of the individual acids is governed at 
least to some extent, by the chemical and physical composition 
of the diet. During recent years, a large volume of data has 
been amassed on this subject. A tabulation of some of the 
data (Annison and Lewis, 1959 and Blaxter, I962) indicated 
that volatile fatty acid concentration in rumen fluid nor­
mally ranges from 50 to 180 uM per milliliter. The ranges 
for acetic, propionic and butyric acids were 34 to 81, I3 to 
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47 and 3 to 15 molar percent, respectively. Iso-butyric, 
iso-valeric, 2-methyl butryic and valeric, collectively, 
account for 1 to 5 molar percent. 
The nutritional role of the volatile fatty acids in 
energy metabolism of ruminants was demonstrated by Armstrong 
and Blaxter (1957a-), (1957b) who found that propionate, be­
cause of its lower heat increment, was a better source of 
energy than acetate. Butyrate was less efficiently utilized 
than propionate but more efficiently than acetate. Blaxter 
(1962) concluded that a mixture of volatile fatty acids 
formed in the rumen was utilized with an efficiency of 85 
percent in meeting the needs for maintenance. Carroll and 
Hungate (1954) had reported earlier that acids from rumen 
fermentation provided about 70 percent of the estimated total 
energy requirement. 
Numerous investigators have Indicated that the total 
concentration of volatile fatty acids in the rumen is influ­
enced by the ratio of concentrate to roughage in the diet. 
Balch and Rowland (1957) studied the diurnal production of 
volatile acids and lactic acid and the pH of rumen fluid from 
cows receiving diets of hay alone, hay supplemented with 
mangolds or concentrates, and hay finely ground with concen­
trates. The concentration of total acids ranged from 8.1 to 
12.1 for hay alone, and 5*6 to 20.0 and ?.0 to 21.3 milli-
equivalents per 100 milliliters of rumen fluid for diets low 
in hay or those containing finely ground hay, respectively. 
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Lactic acid was present in trace amounts except when flaked 
com was fed and then the concentration of lactic acid rose 
to 270 milligrams percent. Ruminai pH varied inversely with 
acid concentration. Hinders and Ward (I96I) reported that 
bromegrass hay supplemented with concentrates increased the 
total acidity of the rumen, but high or low quality alfalfa 
hay with added concentrates decreased it. Emery et aJ. (1956) 
observed a decrease in total volatile fatty acids by feeding 
rations containing high levels of concentrate, Carroll and 
Hungate (195^) reported similar results in in vivo-in vitro 
experiments. Raun and Burroughs (I962) and Raun et aj. (I962) 
observed a decrease in volatile acid concentration and rumi­
nai pH in lambs fed an 80 percent concentrate ration as 
compared to those fed a 50 percent ration. Leffel (I962) 
reported an Increase In total acid production with a ration 
containing 80 percent corn as compared to one with 20 percent 
corn. When barley was the grain, in similar grain-hay mix­
tures, the acid production was decreased with the higher level 
of barley. Feeding dairy cows constant intakes of grain-hay 
mixtures consisting of 0, 35» 50 or 65 percent grain resulted 
in little or no effect upon ruminai pH or volatile fatty acid 
concentration (Bath and Rook, 1963)* Stewart ejb al. (1958) 
reported similar findings in two steers which were changed 
from an all-hay ration to one containing 1? percent concen­
trate . 
Varying the ratio of concentrate to roughage in rations 
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has resulted in marked differences in the proportions of the 
individual fatty acids formed in the rumen. Early work at 
Wisconsin (Tyznik and Allen, 1951) showed that in cows re­
ceiving a "milk producing" diet, the molar percentages of the 
three predominant acids were 65, 20 and I5 for acetate, 
propionate and butyrate, respectively. The proportions of 
acetate and propionate were essentially reversed by reducing 
the amount of hay in the ration. This restriction in roughage 
caused a drop in the butterfat content of milk; however, 
feeding one pound of sodium acetate daily restored the fat 
content to normal. In one study. Card and Schultz (1953) 
observed that adding grain to a mixed hay ration lowered both 
acetate and propionate levels and markedly increased butyrate 
concentration in the rumen. Supplementing concentrates to 
grazing cattle resulted in a narrowing of the acetate to 
propionate ratio with no effect being produced on butyrate 
level. Feeding grain alone further narrowed the ratio and 
increased the level of butyrate. The work of Balch and Row­
land (1957) indicated a greater and more rapid fluctuation in 
the volatile fatty acid concentration and a narrower acetate 
to propionate ratio in cows fed fat-depressing rations. Sub­
stitution of heated corn for non-heated com further narrowed 
the ratio and decreased the level of butyrate. The level of 
lactic acid in the rumen was markedly increased in diets 
containing flaked corn, wheaten starch and large amounts of 
grain as compared to levels normally found in the rumen. 
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Feeding maize gluten feed or flaked maize with hay in a 10:1 
ratio produced elevated levels of lactic acid in the rumens 
of lambs (Phillipson, 1952). The peak in molar percentage of 
propionate occurred at the same time or just following the 
peak of lactic acid production. 
According to Van Soest and Allen (1959)» the feeding of 
restricted amounts of roughage to dairy cows resulted in a 
depression in the fat content of milk but this was not accom­
panied by a lower acetate level. Propionate level was sig­
nificantly increased and appeared to be associated with a 
decrease in blood ketone bodies. Ensor et al. (1959) reported 
a lowering of milk fat content which was accompanied by a 
decrease in ruminai acetate and an increase in propionate; 
the ration contained 26 pounds of ground and pelleted hay 
with as little as four pounds of heated com. Feeding six 
pounds of pelleted hay with 18 pounds of heated com produced 
a similar change in these acids but did not lower the fat 
content of milk. However, the substitution of long hay for 
pelleted hay decreased the level of propionate and thus 
widened the acetate to propionate ratio. These workers in­
ferred that the narrowed ratio was due to use of heated corn. 
It seems more probable that the narrowed ratio was due to the 
use of a combination of pelleted hay and heated com. Shaw 
(1961) summarized the results of numerous experiments (Shaw, 
1958; Shaw and Ensor, 1959; Shaw ejt al., 1959 and Shaw e;t al.. 
i960) conducted at the Maryland Station with fat-depressing 
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diets or the so-called "exotic diets". Rations containing 
steam-heated maize, bread, linseed oil meal or a mixture of 
bread, cooked rice, cooked potato meal and molasses effec­
tively lowered the butterfat content of milk. In these 
studies acetate was positively, and propionate negatively, 
correlated with the fat content of milk. With all of these 
diets, the proportion of acetate in the rumen decreased and 
propionate increased, Butyrate levels tended to be higher 
with the diets containing cooked starch, steamed maize or 
linseed oil meal, while the valerate level was increased only 
with steam-heated maize rations. Cod liver oil, oleic acid 
and linoleic acid lowered acetate, increased propionate and 
increased total acid production. Linoleic acid had its most 
marked effect when added to a ration containing ground hay 
and steam-heated com. 
Rations which increase butyrate level, rather than 
propionate, have not been shown to reduce milk fat percentage. 
This was demonstrated by Ensor et a^. (1959) in an experiment 
in which glucose was added to finely ground and pelleted hay. 
This ration depressed milk fat content to a lesser extent 
than did ground hay plus a small amount of steamed corn. The 
molar percentage of acetate decreased from 66.2 to 55*9 while 
the molar percentage of butyrate and higher acids increased 
appreciably. These workers concluded that butyrate may have 
acted to maintain the fat percentage in milk by increasing 
beta-hydroxybutyrate, a major precursor for the synthesis of 
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milk fat. Hinders and Owen (I963), using iso-caloric diets 
containing 30, 50, 70 or 90 percent of the estimated net 
energy supplied by concentrates, reported lower levels of 
ruminai acetate and higher levels of butyrate and higher 
acids with increasing proportions of concentrate in the 
ration. These results were confirmed by Bishop e^ al. (I963) 
and by Donefer et a2. (I963). Two reports (Raun and Bur­
roughs, 1962 and Raun e^ al.. I962) showed that the acetate 
to propionate ratio was significantly narrower when the level 
of concentrate was increased from 50 to 80 percent in lamb 
rations. The molar percentage of acetate was decreased, 
propionate level remained relatively constant and butyrate 
level increased. In contrast, Leffel (I962) observed that an 
80 percent com ration decreased the level of acetate in the 
rumen and increased propionate with no appreciable change in 
butyrate level as compared to a 20 percent corn ration. 
Similar results were obtained with barley fed at these levels. 
Leffel noted that feeding the higher level of corn increased 
the total volatile fatty acid production as compared to the 
lower level, while feeding the higher level of barley had the 
opposite effect. 
There is evidence (Bath and Rook, 19^3) that the level 
of dry matter intake may exert similar effects on the propor­
tions of volatile fatty acids in the rumen. Increasing the 
dry matter intake of cows from 10 to 30 pounds daily lowered 
the pH of the rumen, increased the concentration of fatty 
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acids and decreased the percentage of acetate which was 
accompanied by a reciprocal increase in butyrate. Propionate 
and valerate levels remained relatively constant. In another 
experiment, these workers found that changing the ration from 
all-hay to a hay-concentrate ratio of 1:3 resulted in a 
marked decrease in acetate and an increase in propionate and 
valerate levels in the rumen. Butyrate level increased as 
the level of concentrate increased to 50 percent but remained 
constant thereafter. 
Elliot and Loosli (1959b) studied the relationship be­
tween efficiency of milk production and the proportions of 
volatile fatty acids in the rumen of cows fed increasing 
levels of concentrates. Correlations between individual 
fatty acids and net efficiency of milk production (pounds of 
fat-corrected milk) were s acetate, -0.76; propionate, +0.83; 
butyrate, +0.61 and acetate to propionate ratio, -0.83. 
Crude fiber content of the rations was positively correlated 
with acetic acid (+0,89) and negatively correlated with pro­
pionic acid (-0.84). In a recent study. Hinders and Owen 
(1963) reported correlations between the volatile fatty acids 
and pounds of total digestible nutrients required to produce 
a pound of fat-corrected milk as follows: total volatile 
fatty acid, +O.63; acetate, +0.55? propionate, +0.05; butyrate 
and higher acids, -0.81; acetate to propionate ratio, +0.59 
and acetate to butyrate ratio, +0.9I. The results of these 
two groups of workers are in close agreement; however. Hinders 
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and Owen (I963) have shown a much closer relationship between 
milk production efficiency and acetate to butyrate ratio than 
the acetate to propionate ratio. 
The literature indicates that the concentration of 
propionic acid in the rumen, relative to acetic acid, in­
creases when feed mixtures rich in starch and soluble sugars 
are fed. The molar percentage of acetic acid is closely 
related to the structural components of a feed (Bath and Rook, 
1963). From an energy standpoint, a preponderance of pro­
pionic acid in the rumen is not necessarily desirable for 
lactating cows, but appears to be beneficial in fattening 
ruminants. Rook and Balch (I96I) suggest that when butyrate 
levels in the rumen are high enough to increase the fat con­
tent of milk or when propionate levels are high enough to 
depress the fat content, their efficiency of utilization for 
milk production is much less than for acetate. 
The question frequently arises as to whether the analysis 
of a single sample of rumen fluid, collected during the day, 
is indicative of the proportions of acids formed throughout 
the day, Shaw e^ al, (1959) have shown that the molar pro­
portions of fatty acids remain relatively constant throughout 
the day. On the other hand, Balch and Rowland (1957) found a 
narrower ratio of acetate to propionate as the rate of fer­
mentation in the rumen increased. The relative proportions 
of fatty acids in the rumen at a given time may not be an 
indication of their formation since the processes of absorp-
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tlon continually remove them from the rumen. There is good 
evidence that the absorption of the individual fatty acids is 
closely related to the ruminai pH, The greater concentration 
of acetate in the rumen, under most conditions, may be ex­
plained by the more rapid absorption of propionate and buty-
rate when the rumen is acidic (Danielli et al.. 19^5-19^6). 
It is difficult to explain the large concentrations of ace­
tate when the rumen is alkaline on the basis of absorption, 
since acetate is more rapidly absorbed than either propionate 
or butyrate under these conditions. 
There is evidence that the source and amount of protein 
may alter the proportions of individual acids. Ground or 
flaked com, ground nut meal and casein increase butyrate and 
valerate levels (Annison, 195^ and Balch and Rowland, 1957) 
and increase the branched-chain isomers (Annison, 195^? Sl-
Shazly, 1952 and Eusebio, et aj.., 1959). Davis et al. (1957) 
reported only a slight change in these acids when soybean oil 
meal was the protein source. Eusebio ejt al. (1959) noted a 
change in the percentage of butyrate with the feeding of 
different levels of protein. 
It is widely recognized that factors other than the 
amount and type of concentrate influence the proportions of 
fatty acids in the rumen. Volatile fatty acid production has 
been shown to be affected by such factors as feeding fre­
quency, level of intake, environment, various nutrients and 
physical form of the ration. 
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Ration Preparation as it Affects Performance, Nutrient 
Utilization and Huminal Fermentation 
The effect of physical form of all-roughage rations on per­
formance. digestibility and volatile fatty acid production 
Various methods of processing feedstuffs to improve 
their nutritional value have been investigated during the 
past 50 years. Reports in the early literature indicated 
that the grinding of roughages reduced dry matter and crude 
fiber digestibility. Forbes ^  al. (1925) attributed this to 
an accelerated passage of the ground hay through the rumen, 
thus reducing the time allowed for soaking and fermentation. 
One report; Bechdel e;t (1929), indicated that only the 
digestibility of crude fiber was depressed by grinding; how­
ever, the time devoted to rumination was 27 percent less for 
ground hay than unground hay. Morrow and Lamaster (1929) 
reported no effect of grinding on milk production or digesti­
bility. but observed that less hay was refused. Olson (1930) 
confirmed this and suggested that the slight increase in milk 
production would not justify the cost of grinding. Swanson 
and Herman (1952) concluded that the fineness of grind or the 
degree of mastication and rumination had no apparent effect 
on the digestibility of alfalfa hay, 
Lloyd e;t al. (I960) demonstrated a relationship between 
feed intake, digestibility and lamb performance. Grinding 
red clover or timothy hays significantly increased voluntary 
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intake, but brought about only minor changes in digestibility 
of gross energy. As a result the Nutritive Value Index 
(relative intake x apparent digestibility of gross energy) 
was significantly increased by grinding the hays. The Nutri­
tive Value Index was positively correlated (+0.88) with live-
weight gains in lambs. 
The pelleting of rations for ruminants had received only 
modest attention prior to the report of Webb and Cmarik (1958). 
These workers compared the feeding value of long, chopped and 
pelleted roughages for wintering beef calves. The results of 
two experiments showed phenomenal increases in rate of gain, 
feed consumption and efficiency of gains after pelleting the 
roughages. Chopping the roughages did not have any advan­
tage over long hay with respect to animal performance. ' The 
improved performance and reduced feed wastage was more than 
enough to offset the costs of grinding and pelleting the 
roughage. 
Weir ejt a2. (1959) reported that weight gains increased 
from 21 to 27 percent, feed consumption increased about 1? 
percent and feed conversion was improved four to nine percent 
by pelleted all-roughage rations as compared to the ground 
form. Wallace and Hubbert (1959) reported a 420 percent in­
crease in gain with a 71 percent improvement in efficiency of 
gain with steer calves fed pelleted mountain meadow hay as 
compared to chopped hay. Cullison (I96I) observed that steer 
calves fed ground hay consumed JO percent more hay and gained 
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50 percent faster than calves fed long hay. Calves fed 
pelleted hay consumed 39 percent more feed and gained 99 
percent faster than calves fed long hay. Similar advantages 
in cattle performance due to pelleting all-roughage rations 
have been reported in the literature (Browning et al., 19^0; 
Cmarik ejfc al., I96O; Klosterman et al., I96O and Neumann ejfc 
al., 1959). 
Pelleted all-roughage rations for sheep appears to be 
equally as advantageous as for cattle. Several reports from 
the California Station (Meyer ejb ., 19598; 1959%; Meyer et 
al.. i960 and Weir et. sŒ., 1959) show improvement in lamb 
performance by pelleted all-roughage rations. Lambs fed 
pelleted hay consumed 2 to 52 percent more feed and gained 25 
to 106 percent faster on 8 to 26 percent less feed than those 
fed chopped or finely ground hay. 
One of the most marked effects observed in pelleting 
roughages for ruminants has been the marked increase in feed 
consumption. The work of Meyer et al. (1959a) suggests that 
the increased gains of lambs fed pelleted roughage is largely 
due to increased intake. Pair-fed lambs receiving equalized 
intakes of pelleted or chopped hay at maintenance levels made 
similar gains. When lambs were fed pelleted hay according to 
the consumption of lambs fed chopped hay aA libitum, the 
gains were nearly identical. However, when lambs were fed 
pellets ad libitum, feed intake and gains increased 3I and 48 
percent, respectively. 
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The utilization of the increased feed consumption observ­
ed with pelleted roughages has been investigated by numerous 
workers. Meyer ejk aJ. (1959a) found no difference between 
pelleted hay and chopped hay In the digestibility of organic 
matter, holocellulose or lignin but crude protein was more 
digestible with the pelleted hay. Blaxter and Graham (1956) 
and Lindahl and Reynolds (1959) report an increase in the 
digestibility of ether-extract but no difference in the di­
gestibility of other constituents with pelleting. Alexander 
and Hentges (I962) found an increase in the digestibility of 
ether-extract and nitrogen-free extract and a decrease in 
digestibility of dry matter, gross energy, crude fiber and 
protein by pelleting Coastal Bermuda hay. Weir et aj. (1959) 
observed a decrease in the digestibility of crude fiber with 
no difference in total digestible nutrients or protein in 
pelleted hay as compared to chopped hay. Wallace e^ al. 
(1961) found no difference in the apparent digestibility of 
nutrients between chopped, wafered or pelleted mountain 
meadow hay. In contrast, Klosterman et al. (I960) reported 
that the digestion coefficients for organic matter, cellulose, 
crude fiber and gross energy were higher for long hay as com­
pared to chopped hay, and higher for chopped hay than for 
pelleted hay. King e^ aj. (I963) observed a small but not 
significant decrease in the digestibility of all constituents 
by grinding as compared to long Coastal Bermuda hay. Pellet­
ing the hay significantly lowered the digestibility of all 
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constituents as compared to ground hay. 
There appears to be some confusion in the literature 
regarding the influence of grinding or pelleting of roughage 
on ration digestibility. When differences in digestibility 
have been observed, the constituent most consistently affected 
has been crude fiber or cellulose. The increase in feed con­
sumption coupled with lowered utilization of nutrients has 
been related to passage of food material through the digestive 
tract, Balch (I950), using colored hay particles, reported 
that the finer hay particles of ground hay were more rapidly 
excreted than the larger ones. He concluded that the lower 
digestibility of crude fiber was due to differences in the 
fluidity of the rumen, rather than to accelerated passage. 
In contrast to the work of Balch (1950)» Rodrigue and Allen 
(1956) found that the digestibility of crude fiber was re­
duced by fine grinding of the roughage. Studies, using three 
sizes of hay particles, indicated that an increase in the 
rate of passage through thè digestive tract was associated 
with a decrease in size of the particles. This relationship 
was closely correlated with the digestibility of all ration 
components, particularly crude fiber, A low dry matter con­
tent of rumen digesta was found to accelerate cellulose 
digestion (Balch and Johnson, I950), Meyer et al, (19$9&) 
observed that the total contents of the rumen and the per­
centage of dry matter and holocellulose of ingesta in the 
rumen were less for lambs fed pelleted hay than those fed 
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chopped hay. No difference in the percentages of dry matter 
or holocellulose was found in the organs posterior to the 
rumen. O'Dell et al. (1963), in slaughter experiments, 
found that the dry matter content of the entire digestive 
tract was 19^» I76 and 111 percent of the previous 24-hour 
intake for baled, ground and pelleted Coastal Bermuda hay, 
respectively. The dry matter content of the rumen accounted 
for most of the total and followed a similar pattern for the 
three forms of hay. Recovery of stained hay particles in the 
rumen 24 hours after feeding was 92, 85 and 68 percent for 
the baled, ground and pelleted hay, respectively. 
Blaxter et al. (1956) reported that the rate of passage 
was a major determinant of the digestibility of dried grass 
hay. Blaxter and Graham (1956) investigated the utilization 
of nutrients and energy in coarsely chopped and in medium or 
finely ground inch screen or I/I6 inch screen) and pellet­
ed dried grass hay. Two levels of intake, 600 and I500 
grams, were fed per lamb daily. When 6OO grams of hay were 
fed, the digestibility coefficients for chopped hay were 
higher for each constituent than for medium or finely ground 
and pelleted hay. When I500 grams of hay were fed, the 
digestibility coefficients were higher for the chopped hay 
than either of the other types, except ether-extract which 
was higher for both grinds of the pelleted hay. Higher 
coefficients were found at the lower level of feeding, except 
for ether-extract which was higher for the pelleted hay. 
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Differences in energy retention "between the three forms were 
not statistically significant. Fecal losses of energy were 
higher and methane losses were lower with pelleted hay than 
with chopped hay* Heat losses were greater at the higher 
feeding level and were considerably less for pelleted than 
for chopped hay. Digestibility of the structural components 
of the hay (cellulose and cellulosic pentosan) was the major 
factor causing high fecal energy losses. The end result was 
a higher net energy value for the pelleted hay than for the 
chopped hay. These workers concluded that 
... the physical factors, which change the rate of 
passage of food through the gut, change the rate and 
nature of the microbial fermentation and cause vari­
ation in the mechanical work involved in prehending, 
masticating and cudding food, are as important as the 
chemical composition of the food in determining its 
nutritive value. 
Rumen fermentation, as reflected by pH, concentration of 
volatile fatty acids and proportions of the Individual acids, 
has been altered by grinding and pelleting of roughages. The 
pH of rumen contents of dairy cows fed long hay was 6.9 and 
dropped to 6.0 in cows fed dehydrated alfalfa pellets (Hinders 
et al. 1961). Cullison (I96I) reported the pH was signifi­
cantly lower with pelleted hay (5*22) than long hay (6.28); 
however, when the steers were allowed to consume a small 
quantity of straw, in addition to pelleted hay, the pH in­
creased to 6.45. Alexander and Hentges (I962) reported the 
pH of rumen contents was 6,2 and 6.7 for long and ground 
Coastal Bermuda hay, respectively. Most of these values fall 
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within the diurnal range of 6,4 and 7.0 for sheep fed hay-
alone, as reported by Phillipson (19^2). The data of Culli-
8on (1961) suggest that the addition of fibrous materials, 
such as straw, may have stimulated saliva secretion which 
neutralized the acids produced in fermentation; however, 
volatile fatty acid data were not reported. 
Microbial degradation of holocellulose and acid produc­
tion in vitro were more rapid at one and one half and four 
hours after feeding with lambs fed pelleted hay as compared 
to lambs fed chopped hay (Meyer et al,. 1959a)* Carbon di­
oxide production followed a similar pattern. Balch and Row­
land (1957) reported little variation in volatile fatty acid 
production with time, after feeding of long hay but the con­
centration of acids increased between two and six hours after 
feeding of finely ground hay. 
The concentration of volatile fatty acids in the rumen 
of ewes fed long, ground or pelleted alfalfa hay was found to 
be 126, 135 and 148 uM per milliliter, respectively (Leffel 
and Komarek, I96I), Leffel (I962) reported that pelleting 
timothy, orchard-grass-alfalfa or alfalfa hay increased the 
acid concentration in the rumen of pregnant ewes as compared 
to the long form of the hays. The acetate to propionate 
ratio was narrowed with the pelleted hays. This was a result 
of a decrease in acetate level and an increase in the level 
of propionate. Pelleting dehydrated alfalfa hay markedly 
narrowed the acetate to propionate ratio as compared to long 
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hay (Bartley, I962), Alexander and Hentges (I962) reported 
that feeding ground Coastal Bermuda hay Increased the volatile 
fatty acid concentration, decreased the level of acetate and 
increased propionate as compared to results with long hay. 
Weight and volume of ruminai contents tended to be lower for 
ground hay treatments, while moisture and fat-free ruminai 
epithelium per 100 pounds "empty" body weight was higher for 
ground hay as compared to long hay treatments. 
Evidence is available indicating that the pelleting 
process per se not only changes the physical state of the 
roughage but may alter its chemical composition. Changes in 
chemical composition may be expected since commercial pellet­
ing involves addition of moisture, and application of elevated 
temperatures, compression, extension and air cooling (Hast­
ings e;fc a2., I962). Steam pressures up to 30 pounds per 
square inch adds 1.3 to 4.9 percent water to the mix and in­
creases the temperature to about 200°P. just prior to its 
entering the pellet die (Womick, 1959). Temperatures inside 
the die average 190°F. and may often exceed 250°F. Pressures 
applied to the feed in the die range from 4000 to 40,000 
pounds per square inch, which results in the retention of the 
pellet for only a few seconds. During cooling of the pellets, 
the fine materials are re-cycled and re-subjected to the 
pelleting process. 
Meyer et al. (1959a) found no difference between pelleted 
and unpelleted hay in the nitrogen, lignin, holocellulose or 
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energy content; however, pelleting increased the bulk density 
from 16 to ^3 pounds per bushel. Weir e^ (1959) reported 
an increase in protein and a decrease in crude fiber from the 
pelleting of chopped hay. These differences were attributed, 
in part, to the loss of leaves of chopped hay and to probable 
error in sampling. Hintz ejt al. (I962) reported a decrease 
in water soluble nitrogen from 30 to 24 percent by auto-
claving timothy or alfalfa hay. Protein digestibility was 
decreased from 46 to 37 percent in lambs and from 72 to 46 
percent in rabbits by autoclaving the hays, Autoclaving de­
creased the total digestible nutrients from 48 to 28 percent. 
Similar results were reported by Leatherwood ejt al. (i960). 
Lindahl and Davis (19559-) noted a reduction in crude 
fiber content of pelleted hay amounting to 90 to 99 percent 
of unpelleted hay, while Lindahl and Davis (1955b) and Lindahl 
and Reynolds (1959) reported an increase in the ether-extract 
content in addition to the lowered crude fiber content after 
pelleting roughages. King e_t aj.. (I963) reported that pellet­
ing Coastal Bermuda hay lowered the crude fiber content about 
four percent as compared to baled hay. Haught ejt (i960) 
reported a reduction in crude fiber content by pelleting a 70 
percent roughage ration. 
Jahn (i960), using infra-red analysis, reported that 
pelleted hay had a simpler structure than unpelleted hay. It 
was suggested that the structural change could have been due 
to combinations of amino acids or to the presence of aromatic 
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compounds resulting from the rupture of cellulose chains or 
the lignin molecule. There was no appreciable change in 
protein or lignin content after pelleting. Jahn observed no 
reduction in the chain length of the cellulose molecule but 
there was a higher degree of polymerization in the pelleted 
hay, indicating that fewer open-end glucose units were avail­
able for microbial attack. This would explain the lowered 
digestibility of crude fiber of pelleted hay in vivo, how­
ever, the results of in vitro studies by this worker failed 
to confirm this hypothesis. 
The effect of heat-processing of hay-grain rations on per­
formance and nutrient utilization 
Many reports have appeared in the literature, in recent 
years, concerning the nutritive value of commercially pro­
cessed feeds for ruminants. The term processing, as used in 
this thesis, generally implies a change in particle size, 
shape or density resulting from grinding, rolling, crimping, 
flaking, pelleting, crumbling or expanding. This review is 
primarily concerned with those processes in which steam or 
heat are applied to a feedstuff from an outside source or 
are generated from within during the mechanical process. 
Therefore, steam rolling, flaking and pelleting will receive 
major emphasis, while the other processes may be referred to 
for purposes of comparison. Pelleting of feeds has been more 
extensively studied than any other process. It is not in­
tended in this review to include all of the available experi-
mental results but rather to indicate the results of typical 
experiments in this subject area. The main objective is to 
provide the reader with a general background as to how the 
ruminant animal may respond to processed feeds in terms of 
performance, utilization of nutrients and ruminai fermenta­
tion. 
Since its introduction into this country over 30 years 
ago, the process of pelleting has received considerable atten­
tion. Some of the more apparent benefits of pelleted feeds 
were the reduction of dustiness and waste and the elimination 
of feed sorting by the animals. Pelleted feeds require less 
storage space and are well adapted to mechanized feeding 
systems. The nutritional role of pelleting and other heat-
processed feeds in the feeding of ruminants has been estab­
lished only within the last several years. 
Several approaches have been used to study the effects 
of pelleting on the nutritive value of feeds for ruminants. 
One approach, that of pelleting a ration consisting entirely 
of roughage, has been reviewed in the preceeding section. A 
second approach has involved the study of pelleting either 
the roughage or the concentrate portion of the ration. A 
third area of study has been concerned with the pelleting of 
complete hay-grain mixtures. The results of such experiments 
are difficult to interpret due to the use of different types 
and amounts of concentrates in the ration. Surprisingly 
enough, there are only limited reports in the literature in 
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"Which a pelleted ration was compared to its non-pelleted con­
trol. 
Much of the earlier work with pelleted rations for 
ruminants was done with lambs. Neale (1953) pelleted rations 
containing 50 or 60 percent coarse or damaged alfalfa hay, 
sorghum grain and molasses for fattening lambs. The lambs 
were hand-fed or self-fed the rations. The self-fed lambs 
gained percent faster and required 28 percent less total 
digestible nutrients than did hand-fed lambs. Self-feeding 
the 60 percent ration resulted in gains which were superior 
to those of lambs fed the $0 percent ration or those of lambs 
hand-fed either of the rations. In a later study, Neale 
(1955) compared pelleted rations containing 50» 60 or 70 
percent roughage. The performance of lambs fed the 70 percent 
roughage ration was superior to the 50 or 60 percent roughage 
rations. 
Bell ei a2. (1955) found that pelleting a 65 percent 
alfalfa-20 percent corn ration resulted in 20 percent faster 
gains on 23 percent less feed than the non-pelleted ration. 
Peed consumption was not greatly affected by pelleting. 
Menzies e^ al. (1959) summarized three years of study which 
indicated that pelleting increased lamb gains 22 to 25 per­
cent with a saving in feed of I3 to 21 percent as compared to 
non-pelleted rations. The improved performance observed in 
these trials appeared to be due largely to increased feed 
intake brought about by pelleting the feed. The level of 
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concentrate, no doubt had some influence on these results; 
this is suggested since these workers found that the perfor­
mance of lambs fed a pelleted percent concentrate ration 
was of the same order as that of lambs fed a non-pelleted 
ration containing 50 percent concentrate. 
The advantages of pelleting a high roughage-low concen­
trate ration for cattle and sheep appear to be equally as 
great as for pelleting all-roughage rations. Weir ejb al. 
(1959) found that steers fed a limited amount of barley and 
pelleted hay "free-choice" made larger gains than those fed 
the barley and non-pelleted hay. The performance of lambs 
fed 30 percent barley and pelleted hay was superior to that 
of lambs fed chopped hay and barley. The addition of 30 per­
cent concentrates to pelleted hay rations did not increase 
gains but did improve feed conversion compared with the all-
roughage pelleted ration. Hartman et aJ.. (1959) found that 
pelleting a complete ration containing 59 percent roughage as 
compared to the non-pelleted ration, resulted in increased 
gains and feed consumption but feed efficiency was not im­
proved. There were no differences in shrink or carcass 
quality; however, there was a tendency for pellet-fed lambs 
to have more oily carcasses. Woods and Rhodes (I962) report­
ed that lambs fed a 60 percent roughage ration, as a ground-
mixed meal, consumed more feed but were less efficient in 
feed conversion than lambs fed a conventional long-hay ration. 
Pelleting the ground-mixed ration significantly improved feed 
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consumption, daily gain and feed efficiency. The reports of 
these three workers are in general agreement that the per­
formance of lambs is markedly improved by pelleting rations 
containing a large proportion of roughage. The benefits 
appear to be of the same order as those obtained by pelleting 
an all-roughage ration. The responses resulting from pellet­
ing the roughage portion were of the same magnitude as those 
obtained by pelleting the complete ration. 
There is evidence that when a portion of the roughage is 
replaced by concentrate, the effects of pelleting may be 
diminished, Esplin et aJL, (1957) fed lambs a 62 percent con­
centrate ration in pelleted and non-pelleted forms. When 
feed intake was equalized, gains and feed conversion were 
similar for the two forms. When the rations were self-fed, 
the lambs receiving the pelleted ration consumed 18 percent 
more feed and gained 14 percent faster than lambs receiving 
the non-pelleted ration. The efficiency of feed conversion 
was about the same, which suggests that the increased con­
sumption of the pelleted ration accounted to a large extent 
for the increased gain, Thompson et al, (1957) fed lambs a 
50 percent roughage ration in four physical forms: long hay-
whole grain, pelleted hay-whole grain, ground-mixed and the 
complete ration as pellets. The daily gains were nearly 
identical for the four ration forms. Feed efficiency was 
markedly improved either by grinding and mixing or by pellet­
ing the complete ration as compared to the other forms. 
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Pelleting improved gains and feed conversion only slightly 
over the ground-mixed ration. In contrast, Woods and Rhodes 
(1962) found that a ground-mixed ration containing 60 percent 
concentrate increased feed consumption and daily gains but 
improved feed conversion to a small extent compared to the 
conventional ration. Pelleting the ration resulted in no 
additional benefit over the ground-mixed ration. Hartman 
et al. (1959) showed no improvement in lamb gains or feed 
conversion by feeding a pelleted ration containing 71 percent 
concentrates as compared to feeding results with the non-
pelleted ration. These data suggest that lamb performance 
can be improved by grinding high-concentrate rations; however, 
little, if any, additional benefits are to be obtained by 
pelleting these rations. 
The possibility that pelleting rations containing poor 
quality roughages may improve lamb performance has been ex­
plored by several workers. Gate et al. (1955) studied the 
feeding value of alfalfa and timothy hay in complete pelleted 
rations for lambs. Pelleting two of the timothy hay-corn 
rations improved palatability as indicated by a nine and 14 
percent increase in feed consumption as compared to ground 
hay rations. Gains and feed efficiency were markedly improved 
by pelleting this ration. Pelleting alfalfa-corn rations did 
not improve performance as compared to the pelleted low-qual­
ity rations. The rapidity of gain favored the pelleted 
rations with a larger number of lambs going to market in a 
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shorter time than lambs fed meal rations. Lambs receiving 
pelleted timothy hay rations produced carcasses of superior 
grade, while there was little difference in grade when alfalfa 
was the roughage. These workers concluded that lambs fed 
poor quality roughage could make satisfactory gains provided 
feed intake was adequate. Perry et al, (1959) compared the 
nutritive value of a number of roughages incorporated into 
pelleted rations containing 20 percent dehydrated alfalfa 
meal and supplement. The roughages were corn cobs, oat mill 
feed, soy mill feed, sun-cured alfalfa, sugar-cane bagasse 
and cottonseed hulls. The roughages were compared in rations 
containing a total of 60 percent or 4o percent roughage. 
Ground corn cobs proved to be superior as the principle 
source of roughage, while oat mill feed significantly reduced 
gains with the 60 percent roughage ration. Lambs fed 40 
percent of the ration as soybean mill feed, oat mill feed or 
sun-cured alfalfa meal, gained significantly less than lambs 
fed the corn cob ration. Although the roughages in this ex­
periment were not studied in the comparable meal form, it 
seemS likely that pelleting improved the palatability to the 
extent that performance was enhanced. In another study, 
McClure et. aj, (i960) compared coarsely ground and finely 
ground and pelleted low quality grass clippings in rations 
containing varying levels of non-pelleted concentrates. Pel­
leting the roughage in rations containing up to 60 percent 
concentrate increased lamb gains and feed conversion. Pellet-
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Ing orchard grass-alfalfa hay increased daily gain when the 
ration contained 30 or ^5 percent concentrate, had no appre­
ciable affect at the 60 percent level, but significantly de­
creased gains at the 75 percent level. 
The value of heat-treatment or pelleting of milo, barley 
and com grain for finishing beef cattle has been investi­
gated, A series of studies were conducted at the Kansas 
Station to determine the effects of pelleting finely ground 
sorghum grain for fattening beef cattle (Richardson e;fc al.» 
1959; Richardson et. al.« i960 and Richardson et al., 1961b). 
In general, these reports showed that the cattle gained 
faster during both the wintering phase and fattening phase 
when fed finely ground and pelleted sorghum as compared to 
feeding results with either ground or dry-rolled sorghum. 
Feed efficiency was improved by pelleting in all trials. The 
benefits obtained by pelleting the finely ground sorghum were 
more pronounced, when compared to dry-rolled sorghum, than 
with non-pelleted finely ground sorghum. This has been con­
firmed by the Oklahoma workers. Pope (I962) summarized the 
results of four experiments in which dry-rolled milo was com­
pared to finely ground and pelleted milo for fattening beef 
calves. Pelleting the finely ground milo resulted in a four 
percent increase in daily gain and a 10 percent improvement 
in feed conversion as compared to dry-rolled milo. However, 
feed consumption was decreased by about seven percent in 
calves receiving the pelleted milo. The advantages of 
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pelleting finely ground milo, as compared to milo which was 
finely ground, did not appear to be large (Pope e;t al,, I96O 
and Richardson e;t , 1959)» Pope ^  al, (I960) reported 
that pelleting finely ground milo decreased feed consumption 
markedly, lowered gains but improved feed conversion. When 
the pellets were reground, feed consumption was restored. In 
this experiment, steam-rolled milo appeared to be more 
palatable than either ground or pelleted milo. However, 
gains and feed efficiency were quite inferior, as compared to 
those obtained with finely ground milo, but were comparable 
to values observed with pelleted milo. The palatability 
response observed suggests that particle size is an important 
factor rather than pelleting per se. 
Increased attention has been given to the use of steam-
rolled barley and milo in beef cattle rations. Workers at 
the Arizona Station (Taylor ejt a^., I96O) found that steers 
fed steam-rolled barley gained six percent faster on five 
percent less feed than those fed dry-rolled barley. Steam-
rolled milo had no advantage over dry-rolled milo. A later 
report (Taylor et aJ., I96I) stated that steam-rolled barley 
did not greatly affect gains but resulted in a I3 percent 
saving in feed over dry-rolled barley. Meyers and Thomas 
(1961), using all-barley rations, noted that steam-rolled 
barley increased steer gains during wintering and fattening 
as compared to dry-rolled barley. During the fattening phase, 
the steers consumed nine percent more barley and gained I5 
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percent faster on five percent less feed than steers fed dry-
rolled barley. In contrast, Dinusson et al. (I96I) reported 
increased consumption with steam-rolled barley but that gains 
and feed conversion weie much poorer than with dry-rolled 
barley. Williamson et al. (I96I) found no advantage of 
pelleted barley over steam-rolled barley with respect to 
steer gains, dressing percentages or carcass grades. Pellet­
ing the barley markedly improved efficiency of feed conver­
sion. The variation in animal responses observed by these 
workers may be due to a difference in the test weights of the 
barley fed. The application of steam may alter the chemical 
composition of the grain, possibly making the starch more 
available to the microorganisms and protozoa in the rumen. 
Com can be considered as the universal grain in beef 
cattle fattening rations. Interest in heating com for 
ruminants has been stimulated by the results of early studies 
conducted by British workers. Phillipson (1952) observed a 
change in the molar proportions of volatile fatty acids in 
the rumen of lambs fed flaked maize. Balch and Rowland (1957) 
and Balch ejb al. (1955a) studied a variety of diets, some of 
which contained flaked maize, in attempts to leam more about 
milk fat depression in lactating cows. In the United States, 
Shaw et. a^. (1959) studied the effect of cooked starch or 
heated corn on the production of low-fat milk. Extending 
this work to steers, Shaw e^ al. (I960) observed a signifi­
cant improvement in the performance of steers fed heated com. 
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Since these observations, a number of workers have explored 
the possibilities of using heated or pelleted corn in beef 
cattle rations. Newland ejt al. (I960) fed heifers rations in 
which a portion of the ration was pelleted or heated. The 
rations were: long hay-ground corn, pelleted hay-ground 
com, long hay-heated com or pelleted hay-heated corn. The 
hay was limited to 30 percent of the concentrate intake. Re­
placing ground corn with heated corn lowered feed consumption 
and daily gain but improved feed conversion. Substituting 
pelleted hay for long hay lowered feed consumption and rate 
of gain. The pelleted hay-heated corn ration resulted in the 
poorest performance of the treatments studied. Peed effi­
ciency, however, was markedly improved with the rations con­
taining heated corn as compared with the rations containing 
ground corn. In a later report, Newland ejt a2. (I962) com­
pared the value of ground, pelleted, flaked, crumbled and 
heated corn for steers and lambs. The rations contained 4-0 
to 50 percent roughage. Heat processing or pelleting the 
corn did not significantly influence gains in steers or lambs. 
Crumbled corn (crushed pellets) improved feed efficiency I7 
percent as compared to ground corn, with steers. Compared to 
ground corn, feed efficiency in lambs was improved eight, 12, 
seven and 16 percent for pelleted, flaked, crumbled and 
heated corn, respectively. The efficiency noted with crumbled 
corn indicated that the benefits of pelleting are retained 
but that particle size may be an important influence. 
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Amett and Bradley (I96O) found that feeding flaked corn 
to fattening steers increased gains 21 percent on I3 percent 
less feed as compared to results with steers fed ground corn. 
Pelleting the corn improved performance to this same extent. 
Using creep-fed calves, Alexander et al, (I960) reported no 
appreciable difference in performance when steers were fed a 
ration containing 70 percent pelleted corn meal and a non-
pelleted flaked corn ration. Hentges et al. (I96I) found 
that feed consumption was lowered, with no difference noted 
in gains of steers fed pelleted or flaked corn as compared to 
ground or cracked corn; however, feed conversion 1 was markedly-
improved. One study, by Kolari e;t a]^ . (I96I), compared long 
hay or pelleted hay and ground ear corn or pelleted ear corn 
in all possible combinations. Replacing long hay with pellet­
ed hay in ground-ear-corn rations increased gains and improved 
carcass quality. Substituting pelleted hay for long hay in 
pelleted-ear-corn rations lowered gains but improved carcass 
quality. The interaction evident in this experiment between 
pelleted hay with ground ear corn and long hay with pelleted 
corn was found to be significant (P<^ 0.05), with respect to 
weight gains. 
It is Indeed surprising that relatively few investiga­
tions have compared the pelleting of complete rations versus 
non-pelleted rations for beef cattle. Complete pelleted 
rations would appear to be of great practical significance, 
particularly in mechanized feeding operations. They provide 
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a means of Incorporating small amounts of ingredients or 
feeds which are unpalatable into the ration, as well as a 
means of controlling the ratio of various ingredients to one 
another. 
Burroughs et al. (1959) compared pelleted and non-
pelleted rations containing 68 percent ground ear corn in two 
trials, one lasting 35 days, and another 175 &ays. When the 
two trials are averaged, the results showed that gains were 
not greatly different for cattle fed the pelleted ration as 
compared to those fed the non-pelleted ration. Pelleting 
lowered feed consumption about three percent, but resulted in 
a feed saving of eight percent. Oklahoma workers (McCroskey 
et al.. 1961) found that pelleting a high-roughage ration in­
creased gains 21 percent, feed consumption 11 percent, with a 
saving of feed of about six percent. Pelleting a low-roughage 
ration did not affect gains or consumption but improved feed 
conversion eight percent. Kercher and Hilston (1958) reported 
that feed consumption and rate of gain were increased about 32 
percent by pelleting a 50 percent roughage ration as compared 
to the non-pelleted ration. There was no difference in 
carcass quality of animals fed the pelleted and non-pelleted 
rations. In contrast, Perry et al. (I962) found no advantage 
for steer performance by pelleting either a low or a high-
roughage ration for fattening steers. Their results obtained 
with the high-roughage ration are in disagreement with most 
reports in the literature with this type of ration. Beardsley 
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et al. (1959) reported that gains of steers fed non-pelleted 
rations decreased while the gains of steers fed pelleted 
rations increased as the level of the roughage increased. 
Rumination was markedly decreased or barely detectable in 
steers fed the pelleted rations. Rumen parakeratosis was 
observed in steers fed either the pelleted or non-pelleted 
rations when the ration contained 70 percent concentrate, 
while the malady was absent at the 40 percent level. 
The effects of pelleting complete rations for beef 
cattle were shown to be greatly influenced by the level of 
concentrate. Pelleted rations containing 50 to 60 percent 
roughage appear to be more advantageous as far as animal 
performance is concerned. It would appear that pelleting 
lamb rations containing poor quality roughages can be expected 
to improve gains and feed conversion. Although rumen para­
keratosis has been associated with pelleted rations, it seems 
that the incidence of the condition may be related to the 
level of concentrate fed. 
The utilization of nutrients has been explored as a 
means of explaining the responses of ruminants to heat-
processed or pelleted feeds. Long e;fc al, (1955) found that 
pelleting the hay portion of a 50 percent roughage ration 
increased the digestibility of organic matter, crude protein, 
nitrogen-free extract and crude fiber as compared to a mixed 
ration. Grinding the hay lowered the digestibility of all 
ration components as compared to long hay; however, pelleting 
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the hay restored the digestibility. 
Fisher ejt al. (1957) reported total digestible nutrient 
values of 6I.9, 62,1, 62.6, and 6^ ,6 for shelled corn, cracked 
corn, ground corn and flaked com, respectively. The various 
forms of corn were fed in association with 70 percent chopped 
alfalfa hay, Alexander ejb al. (i960) found a slight advantage 
in the digestibility of a non-pelleted creep ration for beef 
calves as compared to a pelleted ration. Weir ejb al, (1959) 
found no difference in total digestible nutrients between a 
non-pelleted and pelleted low roughage ration; however, the 
digestibility of crude fiber tended to be lower for the 
pelleted ration, Pontenot and Hopkins (I96I) compared the 
digestibilities of rations fed to lambs in different physical 
forms. The rations were: ground concentrate-long hay, 
ground concentrate-ground hay, ground concentrate-pelleted 
hay, pelleted concentrate-pelleted hay, entire ration pelleted 
and a reground pelleted ration. Grinding or pelleting the 
hay lowered crude fiber digestibility. This was more pro­
nounced when the concentrate was pelleted. Pelleting the 
complete ration increased protein and decreased crude fiber 
digestibility as compared to the ground ration. Regrinding 
the pellets tended to restore crude fiber digestibility. 
Clanton ejb al. (1959) studied the digestibility of rations in 
which the concentrate was in a meal or a pellet form and the 
roughage in either chopped or pelleted form. Dry matter, 
gross energy and protein were more digestible in rations 
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containing chopped hay than in those with pelleted hay and 
were less digestible for the ground concentrate than for the 
pelleted concentrate. Digestion coefficients were lower for 
the ground concentrate-pelleted roughage, McCroskey et al. 
(1961) found no difference in the digestibility of ration 
components in a pelleted complete ration as compared to a 
non-pelleted ration. Pelleting tended to lower the digesti­
bility of crude fiber. These workers concluded that the 
difference observed in rate of gain could not be attributed 
to changes in nutrient digestibility. Woods and Rhodes (I962) 
studied the digestibility of pelleted and non-pelleted rations 
containing 4-0 or 60 percent roughage. Pelleting lowered 
organic matter and cellulose digestibility at either roughage 
level. Nitrogen retention was increased after pelleting 
either level of roughage. 
In general, the effect of pelleting per se. on total 
digestible nutrients was rather insignificant. Crude fiber 
digestibility tended to be lower but was offset by increased 
digestibility of one or more of the other nutrients. Evidence 
was reported that indicated the digestibility of crude fiber 
may be influenced by particle size. Pelleting of the roughage 
portion of a mixed ration appears to affect adversely the 
digestibility of several nutrients. Heating or pelleting the 
concentrate portions of the ration were shown to increase the 
total digestible nutrients. Since the differences observed 
in performance of animals fed heated or pelleted rations can­
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not be fully attributed to utilization of nutrients, it would 
appear that the chemical composition may have been changed by 
processing. Such changes may alter the ratio of volatile 
fatty acids produced in the rumen. 
Heat-processing of hay-grain rations as it affects volatile 
fatty acid production 
Levels of volatile fatty acid production and proportions 
of the individual acids in the rumen have been shown to be 
altered by grinding or grinding and pelleting an all-roughage 
ration. The ratio of acetate to propionate was narrowed as 
a result of a decrease in the level of acetate and an increase 
in propionate. Butyrate was generally constant or changed 
only slightly. Formate or lactate, if detectable, were 
present in only trace amounts. 
The addition of moderate amounts of concentrates to a 
long or ground hay ration resulted in a marked change in the 
end-products of ruminai fermentation. Volatile fatty acid 
concentrations were lowered; however, the pH of the rumen did 
not show a reciprocal decline. The molar percentage of 
propionate remained constant or increased while butyrate fre­
quently increased. Valerate and branched-chain fatty acid 
production increased. 
Therefore, heating or pelleting a ration containing 
roughages and concentrates would be expected to bring about a 
fermentation in the rumen that reflects (1) the effects of 
pelleting the hay, (2) those from the addition of concen­
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trates, (3) or both. This does not appear to be the case, 
particularly when modest amounts of concentrates are included 
in the ration. Attempts to partition the effects of heating 
or pelleting the concentrate portion and those of the hay 
portion in a mixed ration have been confusing. The confusion 
probably lies in the interaction of the hay with concentrates. 
This interaction or "associative" effect is not well under­
stood. 
Some investigations have approached the problem from 
the more practical standpoint. Because fattening rations 
must, of necessity, contain generous amounts of concentrate 
and because of the higher costs involved in grinding and 
pelleting roughages, most emphasis has been placed on heat-
treating or pelleting the concentrate portion of the ration. 
The fundamental approach has involved the study of volatile 
fatty acid production as related to the heat-treatment of 
either the concentrate or the roughage portion of the ration. 
Data on the effects of heating or pelleting complete rations 
in comparison to unprocessed complete rations are limited. 
Differences in performance of fattening cattle and lambs 
fed pelleted rations cannot be entirely accounted for by 
differences in feed intake or utilization. The weight gain 
response obtained by pelleting high-roughage rations appears 
to be largely due to increased feed intake. On the other 
hand, the improved feed efficiency obtained by pelleting 
high-concentrate rations cannot be attributed to differences 
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in digestibility. These responses appear to be related to 
the pattern of ruminai volatile fatty acid production. The 
kinds and numbers of rumen flora and fauna may be responsible 
for some of these differences. 
The first evidence of the effect of heat-processing 
feeds on the end-products of ruminai fermentation was reported 
by Phillipson (1952), He noted that when non-heated corn was 
replaced by flaked maize, the acetate to propionate ratio was 
narrowed. This was a result of a decrease in acetate and 
butyrate and an increase in propionate. Coincident to the 
increase in propionate was a marked elevation of lactate. 
Ruminai contents of lambs fed flaked corn diets were highly 
acidic and protozoa numbers were markedly lowered, Balch and 
Rowland (1957) found that lactic acid concentrations increased 
markedly in diets of cows fed large amounts of flaked maize. 
Evidence indicated an increase in propionic acid with the 
disappearance of lactic acid from the rumen. The authors 
suggested that the acidic conditions of the rumen enhanced 
the proliferation of organisms which produced lower propor­
tions of acetic acid, Cheng (195^ ) demonstrated that lactic 
acid was an intermediate product formed in the fermentation 
of various sugars by rumen bacteria. Lactic acid increased 
with the disappearance of the sugars and was converted to 
volatile fatty acids upon further incubation. 
Gamer ejb al. (1957) found a higher concentration of 
fatty acids vitro accompanied by a more rapid acid pro­
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duction in vivo with flaked corn than with whole, ground or 
cracked corn,' Pelleted or crimped oats produced greater 
quantities of volatile fatty acids in vitro than did whole or 
ground oats, A marked increase in iodophilic protozoa was 
observed with the flaked and ground corn substrates, 
Ensor et al. (1959) studied the effects of pelleted hay 
or heated corn on the production of low-fat milk in lactating 
dairy cows. In one comparison, the cows were fed 26 pounds 
of pelleted hay and four pounds of ground corn per animal 
daily. Replacing the ground corn with heated corn narrowed 
the acetate to propionate ratio from 2,46 to 1,4$, The level 
of acetate decreased and propionate increased with little or 
no change in the level of butyrate or higher acids. In 
another comparison, cows were fed six pounds of pelleted hay 
and 18 pounds of heated com. Replacing the pelleted hay 
with long hay widened the acetate to propionate ratio from 
1.24 to 2.36. Acetate level decreased and propionate de­
creased accompanied by marked increases in butyrate and 
valerate levels. The authors attributed the altered volatile 
fatty acid production to the effects of heated corn. However, 
in the same experiment pelleting an all-roughage ration 
narrowed the ratio as compared to a long-hay ration. It 
seems reasonable that the effects noted by these workers were 
the result of the combination of pelleted hay and heated 
corn. An associative effect of pelleted hay with heated con­
centrate appears to be involved. It is of interest that feed 
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intake was not equalized "between treatments, Bath and Rook 
(1963) found a decrease in the molar percentage of acetate 
and an increase in butyrate when the dry matter intake of hay 
and concentrates was increased. In any event, the propor­
tions of rumen acids were altered appreciably by the addition 
of small amounts of heated corn or pelleted hay to the ration. 
In another study, Shaw e^  al, (1959) reported similar changes 
in the proportions of ruminai acids with the feeding of 
flaked corn as compared to non-heated corn. Substitution of 
bread; potato meal or cooked rice for the concentrate result­
ed in a marked decrease in the fat content of milk. Coinci­
dent with this response was the marked narrowing of the 
acetate to propionate ratio. In a later study, Shaw et al. 
(i960) reported improved performance of steers fed steam-
heated corn and pelleted hay as compared to those fed ground 
corn and ground hay. The heated corn-pelleted hay ration 
more than doubled the volatile fatty acid concentration in 
the rumen. Acetate production was lowered and propionate in­
creased. Associated with these changes in acid production 
was a 22 percent increase in steer gains with a I5 percent 
improvement in feed efficiency. Evidence was presented indi­
cating that the heated corn-pelleted hay ration increased the 
degree of unsaturation of body fat, Raun al. (I962) found 
a significant correlation between ruminai butyrate levels and 
carcass grade and separable fat in lambs. 
Newland et a2. ( I962)  studied the feeding effect of 
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heat-processing and of pelleting com for steers and lambs. 
Pelleted, flaked, crumbled, heated and ground forms of com 
were fed to lambs in rations containing 50 percent ground 
alfalfa hay. The acetate to propionate ratio was narrowed 
with all types of processed corn compared with ground com. 
The narrowed ratio was the result of decreased acetate and 
increased propionate production. However, the increase in 
propionate was more marked than the decrease in acetate. The 
concentration of volatile fatty acids was not related to 
treatment, except that ground corn effected a greater acid 
production than the processed com. The results of a study 
of rate of fermentation indicated that the rate of ruminai 
acid production over a 10-hour period was comparable for 
ground corn and crumbled corn. The acetate to propionate 
ratio remained constant for both of the corns during the 
period. 
King and Hemken (I962) reported the effects of long hay 
versus pelleted hay and ground corn versus heated corn on 
milk production and proportions of volatile fatty acids in 
the rumen. Pelleting the hay resulted in a significant de­
pression in the fat content of milk as compared to long hay. 
Substitution of heated corn for ground corn, in the long hay 
rations, depressed the fat content only slightly. Replacing 
the ground corn with heated corn in pelleted hay rations also 
depressed the fat content of milk. The pelleted hay plus 
heated corn ration was the most effective as a milk fat de-
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pressant. The ratio of acetate and propionate parallel­
ed the fat content of milk. Replacing ground corn with heated 
corn did not greatly alter the proportions of these acids 
when hay was fed in the long form. However, when the hay was 
pelleted and heated corn substituted for ground corn, the 
level of acetate and butyrate decreased, with a reciprocal 
increase in propionate. The maintenance of milk production 
was more difficult when the hay was pelleted as the pellets 
were less acceptable to the cows than long hay. The authors 
noted an increased viscosity and gel-like consistency of 
rumen fluid in the cows fed pelleted hay as compared to those 
fed long hay. This condition could seriously impair the 
release of end-products of fermentation for absorption as 
well as prevent the normal mixing of contents in the rumen. 
Bishop et al. (I963) studied the effects of pelleting the 
concentrate portion of high and low-roughage rations for 
dairy cows. Pelleting the concentrate portion of the ration, 
at either roughage level, tended to widen the ratio of ace­
tate to propionate. However, the proportions of the indivi­
dual acids were not as greatly affected by pelleting as has 
been observed by other workers. Collecting the rumen fluid 
samples eight hours after grain feeding and six hours after 
hay feeding may have minimized the differences in proportions 
of the acids between treatments. Low ratios of acetic acid 
to propionic acid were found when there was a rapid formation 
of fatty acids in the rumen (Balch and Rowland, 1957). 
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Hartley (I962) found, that feeding pelleted hay in asso­
ciation with heated concentrates altered ruminai acid pro­
duction. The acetate to propionate ratio was narrowed by 
pelleting the hay as compared to long hay. Finely ground hay 
was more effective in narrowing the ratio than pelleted hay 
when grain was included in the ration. Pelleting medium 
ground hay did not alter the proportions of the acids when 
the concentrates were fed as a meal. Replacing the ground 
concentrates with pelleted concentrates and feeding in asso­
ciation with either pelleted hay or long hay tended to narrow 
the acetate to propionate ratio. The effect was more pro­
nounced with the pelleted hay. 
According to Haught et al. (I960), pelleting a 70 per­
cent roughage ration did not influence the absorption of 
volatile fatty acids from the rumen. Volatile fatty acid 
production data were not reported but the absorption of acids 
was correlated with rumen weight (0.906) and body weight 
( 0 . 8 2 8 ) .  
Heat treatment of the ration and the type of starch 
present in various grains exert an important effect on the 
proportions of volatile fatty acids in the rumen. Bayer et 
al. (1961) found that steam-rolled barley lowered the con­
centrations of volatile fatty acids in the rumen as compared 
to dry-rolled barley. In contrast to the results obtained 
with other grains, the level of acetate and butyrate increased 
and propionate decreased. The authors suggest that the im­
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provement In feed conversion obtained with unprocessed all-
barley rations may be a reflection of higher propionate levels 
produced in the rumen. Kercher and Bishop (I963) reported 
the effect of steam-rolled barley, steam-rolled oats, steam-
rolled milo and beet pulp pellets fed with pelleted dehydrated 
alfalfa meal on beef cattle performance and ruminai acid pro­
duction. The ratio of acetic acid to other acids widened 
with increasing crude fiber content of the diet. Propionic 
and acetic acid levels were inversely related to the crude 
fiber content. Ruminai acetate levels were highest and pro­
pionate lowest with the pelleted beet pulp ration. Butyrate 
level was highest for the barley ration and lowest for the 
beet pulp ration. The effects of heat or steam per se, were 
not discernable, since unheated grains were not included in 
the study. 
There is evidence that the ratio of fiber to starch may 
alter the proportions of fatty acids in the rumen. This was 
indicated by Donefer ejfc al. (I963), who compared varying 
levels of barley in complete pelleted rations. The barley 
was ground and combined with ground dehydrated alfalfa pellets 
and the mixture was then pelleted. Increasing the level of 
barley in the ration narrowed the ratio of acetate to pro­
pionate in the rumen. This was reflected in a decrease in 
acetate with an increase in propionate and butyrate. The 
narrowed ratios were primarily the result of decreased ace­
tate, because the propionate level was only slightly increased. 
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These workers postulate that the decrease in feed intake 
resulting from increasing the level of barley may be due to a 
change in the population of rumen organisms. The shift 
toward a soluble carbohydrate fermentation, due to heating 
and pelleting the rations, vras accompanied by a lower pH of 
the rumen. As a result the activity of cellulolytic organisms 
could be inhibited, thereby reducing the rate and extent to 
which crude fiber is degraded. This may explain the lowered 
digestibility of crude fiber in pelleted rations as observed 
by many workers, 
A series of experiments at the Iowa Station provide a 
comparison of pelleted and non-pelleted rations with respect 
to ruminai acid production, Rhodes and Woods (I962) studied 
the effect of a variety of ration treatments on the volatile 
fatty acid production in lambs. The rations were composed of 
33 percent alfalfa hay or ground com cobs with the concen­
trate portion composed of finely or coarsely ground corn and 
soybean oil meal. Three physical forms were studied: a long 
hay-grain conventional ration, a ground-mixed ration and a 
pelleted ration. The ground-mixed ration resulted in a 
widening of the acetate to propionate ratio as compared to 
the conventional ration. Pelleting the ration narrowed the 
acetate to propionate ratio as compared to the ground-mixed 
ration. Acetate production decreased and propionate in­
creased, Butyrate levels were lowered but there was no con­
sistent change in branched-chain acid levels. Ground-mixed 
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rations containing ground, cobs resulted in narrower ratios 
than the rations in which alfalfa hay was the roughage. This 
was largely the result of increased propionate production. 
Pelleting alfalfa-grain rations, as compared to pelleted cob-
grain rations, had little or no influence on the total concen­
trations of acids, ruminai pH or proportions of the individual 
acids. Reducing the particle size of the corn in either a 
ground-mixed ration or pelleted ration had no appreciable 
effect on the proportions of acids in the rumen. In one ex­
periment there was a trend toward a narrowing of the acetate 
to propionate ratio with coarsely ground corn as compared to 
finely ground corn. Examination of the data indicated that 
the pelleted ration containing coarsely ground corn resulted 
in a narrower ratio than one in which the com was finely 
ground. The effect of coarsely ground corn on total volatile 
fatty acid concentration was most pronounced in rations in 
which alfalfa hay was the source of roughage. These workers 
demonstrated a higher initial rate of fermentation in the 
rumen with ground mixed or pelleted rations as compared to 
the conventional ration. 
In a later investigation, Woods and Luther ( I962)  studied 
the effect of heating or pelleting the entire ration, the 
roughage portion or concentrate portion. In the first experi­
ment, the treatments Included; a ground-mixed basal ration, 
basal plus dry heat, basal plus 14 percent added water and 
autoclaved, basal pelleted and reground pellets. Ruminai pH 
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and proportions of the individual acids were not significant­
ly affected by heat treatment. However, heating tended to 
widen the acetate to propionate ratio as was observed by Baun 
and Burroughs (I96I) with autoclaved com. Total acid pro­
duction was lowered by heat treatment. Pelleting or re-
grinding the pellets lowered ruminai pH and increased the 
total acid concentration as compared to the basal ration. 
Pelleting the ration exerted a greater effect on ruminai 
fermentation than did either of the heat treatments. In the 
second experiment, pelleting the complete ration markedly 
lowered ruminai pH, increased total acids and narrowed the 
acetate to propionate ratio. Acetate production decreased 
with reciprocal increases in propionate and butyrate. Pellet­
ing the concentrate portion increased ruminai pH, lowered 
total volatile fatty acid production and widened the ratio as 
compared to the complete pelleted ration. Valerate production 
was also lowered. Pelleting the roughage portion restored 
the volatile fatty acid pattern to that of the completely 
pelleted ration. 
Evidence that heat-treatment brought about a change in 
the characteristics of starch was reported by Salsbury et al. 
(1961a). Com starch and ground corn were subjected to 
various heat treatments and the disappearance of dry matter 
was measured following in vitro fermentation with ruminai 
microorganisms. Boiled starch was attacked more readily by 
ruminai microorganisms than untreated starch. Starch subjec­
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ted to dry heat or autoclaved without additional moisture was 
only slightly digested. Addition of water to the starch 
followed by autoclaving increased the rate of starch diges­
tion. The most rapid digestion of starch occurred when 18 
parts of water were added to the starch and autoclaved. Dry 
heated corn or dry autoclaved corn decreased the rate of 
digestion as compared to untreated corn. Boiling ground corn 
increased the disappearance of starch as compared to unheated 
corn. The authors concluded that the more rapid digestion 
obtained with boiled starch or corn was a result of the rup­
turing of the starch granules accompanied by hydration. 
Salsbury e;t (1961b), using in vitro techniques, 
studied the volatile fatty acid production from heated or 
unheated starch. Ruminai microorganisms were obtained from 
animals fed either a 10:1 or 11:9 ratio of hay to concen­
trates. The acetate to propionate ratio was narrowed by 
boiling the starch, as compared with unheated starch. When 
strained ruminai fluid from either source of inocula was 
used, the total acid production was the same for heated 
starch as for unheated starch. When the bacterial cells were 
removed from ruminai fluid, volatile fatty acid production 
was greater with the inocula from the animal fed the high-
roughage ration. Boiled starch produced higher levels of 
lactic acid than unheated starch. Lactic acid production 
increased under conditions in which the total acid production 
was low (ruminai fluid collected from the animal fed the 
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higher concentrate ration and then centrifuged). These 
workers clearly demonstrated that the heating of starch in­
creased lactic acid production and altered the proportions of 
fatty acids produced by rumen microorganisms. The increased 
acid production with bacteria from an animal fed a high-
roughage diet as compared to those from one receiving a high-
starch diet cannot be explained on the basis of the adapta­
tion of ruminai microorganisms to high starch diets. Such an 
adaptation is usually associated with the proliferation of 
starch digesting organisms. El Shazly e^  a2. (I96I) demon­
strated that there were sufficient cellulolytic organisms in 
the rumen of animals fed high starch diets to establish a 
cellulose digesting culture in the absence of starch vitro. 
Perhaps the same relationship exists with the starch digesting 
organisms from hosts fed high levels of roughage and incubated 
with starch substrates. 
Further evidence of the effect of pelleting on the bio­
chemical changes in starchy feeds was presented by Smith 
(1959)• He reported results of commercial pelleting tests 
designed to increase the gelatlnization of the starchy com­
ponents of ground mixed feeds. A broiler ration, containing 
67 percent finely ground corn, 20 percent soybean oil meal, 
five percent meat scrap and minerals and adequate vitamins 
was used in the tests. Under "normal" pelleting conditions, 
the temperature of the feed entering the pellet die was I60-
180°?. and the gelatlnization was 11 percent. Conditions of 
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the pelleting process were held constant, except for tem­
perature and steam, which varied with the level of steam 
pressure introduced during the conditioning of the feed. 
Varying the proportions of steam introduced during the con­
ditioning phase increased the percent gelatinization from 11 
to 39 percent at the normal temperature range (160-180°P.). 
When the temperature of the feed entering the pellet die was 
180-200°?., gelatinization was 20 percent. The introduction 
of additional steam increased the gelatinization to 48 per­
cent. Crude fat, crude protein or vitamin A content of the 
feed were not altered appreciably by the gelatinization 
process. 
Hastings and Miller (196I), using laboratory conditions, 
studied the effect of processing on the biochemical changes 
in com and sorghum grain. The grains were processed by 
cracking, grinding, steaming and pelleting and were then sub­
jected to chemical analysis. Gas production was determined 
by incubating the grains with an amylolytic enzyme. There 
was no appreciable difference between whole, cracked or 
ground grains in total water solubles, reducing sugars, 
soluble starch and soluble protein. Steaming the grains 
lowered the total solubles, reducing sugars and soluble pro­
tein. Pelleting the corn markedly increased total solubles 
and soluble starch but had no effect on reducing sugars or 
soluble protein. Pelleting grain sorghum increased the 
soluble starch fraction. Gas production was higher for the 
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pelleted grains than for grains processed by the other 
methods. The pressure involved in pelleting was believed to 
alter the structure of the starch granules. In a later exr-
periment, Hastings ejb al. (I962) studied the effects of 
moisture, temperature and pressure and combinations of these 
factors on the biochemical changes in sorghum grain. Addi­
tion of 16 percent water to ground grain, followed by con­
ditioning with steam, decreased total water solubles and gas 
production. Addition of eight percent water and heating to 
205°F« further reduced the biochemical values. When the 
wetted material (eight percent water) was heated to 205°P. 
and placed under pressure of five, 20 or 4-0 pounds per square 
inch, there was no increase in total solubles or gas produc­
tion over the water plus heat treatment. Evidence was pre­
sented that starch gelatinization occurred mainly in the 
outer portion of the pellet. In another experiment, steam 
conditioned sorghum grain or corn increased all biochemical 
values over unheated material. Steam conditioning followed 
by pelleting, further increased the values. The most marked 
effect with steam conditioned or pelleted grains was on the 
soluble starch fraction which was markedly increased as com­
pared to untreated grains. Hastings (I962) reported the 
effects of commerical pelleting upon the biochemical changes 
in sorghum grains. Hard pelleting of sorghum resulted in a 
higher percentage of soluble starch and a lower percentage of 
soluble protein than unpelleted grain. Expanded pellets, 
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made by increasing the volume of the gelatinized feed by an 
extrusion pelleting process, showed a further increase in 
soluble starch and decreased protein denaturation. The author 
concluded that the friction and sheer which develop in the 
outer part of the pellet, due to extrusion, are much more 
effective in causing biochemical changes in the starch portion 
of grain sorghum than the action of compression through the 
pellet die. 
Processes such as steam-rolling, steam-heating, flaking 
and pelleting, when applied to feedstuffs appear to make the 
starch more available or soluble. When the starch granule is 
ruptured and hydrated, more sites, presumably glucose units, 
may become available to the ruminai microorganisms. The re­
sulting volatile fatty acid production pattern may thus re­
flect the degree of gelatinization or solubilization caused 
by the heating or pelleting process. Chemical changes in a 
feedstuff can account only partially for the alterations in 
volatile fatty acid production in the rumen. The associative 
effect of ration components (roughages and concentrates) 
during the digestion process, are of considerable importance. 
The feeding of pelleted feeds exerts a pronounced effect of 
such physiological processes as saliva flow, rumen motility 
and rate of passage. Heat-processing and pelleting of feeds 
may alter the microflora and microfauna of the rumen both 
qualitatively and quantitatively. 
76 
Interrelationships of Composition and Physical Form 
of the Diet and Rumen Microbiology 
It is readily apparent that the performance of ruminants 
is affected by the composition and physical nature of the 
diet. Moreover, the characteristics of the ration may in­
fluence certain physiological and microbiological activities 
within the rumen. For example, the particle size of the 
ration or its components may exert an important effect on the 
flow of saliva, the motility of the rumen and the rapidity of 
passage of digesta through the digestive tract. The chemical 
composition of the diet exerts a marked effect on the types, 
numbers and activities of the microbial population which in 
turn, control the kind and quantity of end-products formed 
during fermentation. 
In herbivorous animals, the rumen is the principle site 
of the digestion of ingested food materials. Its microbial 
population is characterized by large groups of heterogeneous 
organisms living and dividing in a slightly acid, but highly 
buffered, anaerobic medium at a temperature of about 39°G, 
The rumen Is frequently likened to a continuous culture 
system. Feed materials periodically enter with a continuous 
inflow of saliva, which contains mineral ions and which main­
tains the pH during fermentation. The digesta and portions 
of the microbial population pass via the reticulo-omasal 
orifice to the omasum and down the Intestinal tract. The 
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soluble end-products of fermentation are absorbed through the 
rumen wall and pass into the blood stream. The process of 
digestion is complex, in that it involves a number of bio­
chemical reactions. Likewise, the metabolism of the rumen 
microbiota is complex. 
Two general groups of organisms inhabit the rumen; 
bacteria and protozoa. The bacteria in the rumen may number 
1 n 10 per gram of contents and may include some 29 genera and 
63 species (Bryant, 1959). About one million protozoa per 
gram of contents inhabit the rumen with a mass equal to that 
of the bacterial population. It is well known that ruminai 
bacteria attack and degrade ingested feedstuffs with subse­
quent formation of organic acids and ammonia. Recent evidence 
suggests that the protozoa may perform similar functions in 
the rumen. The preceeding review has emphasized the impor­
tance of the volatile fatty acids as energy sources to the 
ruminant. The quantity and proportions of these acids is 
largely determined by the characteristics of the diet. Since 
bacteria and protozoa produce the fatty acids from ingested 
materials, the nature of the diet may actually determine the 
number and types of organisms in the rumen. The literature 
provides evidence that this, indeed, does occur. On the 
other hand, microbial populations are also subject to diurnal, 
daily and seasonal variations. These factors, in addition to 
animal variation, make it somewhat difficult to assess the 
effect of diet on rumen microbiota. 
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The relationship "between the rumen flora and the nature 
of the diet was reported by Bryant and Burkey (1953). These 
workers studied the types and numbers of bacteria, using iso­
lates from the rumen of cows fed alfalfa or wheat straw as 
the sole ration, hay-grain mixtures or concentrates alone. 
Bacterial numbers were not greatly different with any of the 
rations except where concentrate was the sole ration. Popu­
lation numbers were higher and increased with the length of 
time this ration was fed. The level of feeding did not in­
fluence bacterial numbers. The cellulolytic bacteria, which 
account for a major portion of the total bacteria present in 
the rumen exhibited a noticeable change. They accounted for 
five percent of the total bacteria on the all-concentrate 
ration as compared to 28 percent on the wheat straw ration. 
With the range of rations studied, the fiber content of the 
ration did not appear to be related to the number of cellu­
lolytic bacteria. According to Bauman and Poster (I956) the 
numbers of bacteria, as well as their physiological activity, 
were markedly influenced by the level of concentrate in the 
ration. On a high-roughage ration the organisms present in 
the greatest number were Gram positive, pleomorphic, anaer­
obic rods resembling Lactobacillus bifidus. They fermented 
glucose to acetic and lactic acid in a ratio of 2:1. With a 
high-concentrate ration, the organisms which appeared in the 
greatest- numbers were Gram positive cocci occurring either in 
pairs or as tetrads. They converted glucose to acetic and 
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lactic acid in a ratio of 1:10. None of the isolates digested 
cellulose. It would seem likely that this was due to the 
culturing technique rather than to the absence of these 
organisms in the rumen, Maki and Poster (1957) observed 
large differences in rumen flora of cows fed rations contain­
ing varying levels of grain and alfalfa meal. Direct micro­
scopic counts of bacteria (rods and cocci) in the rumens of 
cows fed high-roughage rations averaged 19 billion per milli­
liter of fluid compared to 27 billion when the ration con­
tained largely grain. The differences in direct counts were 
also reflected in colony counts. Colony counts, expressed as 
a percent of direct count, ranged from three to 12 percent 
for the roughage ration and from 57 to 73 percent for the 
concentrate rations. This indicated that the predominant 
organisms (cellulolytic) from the high-roughage ration were 
not capable of growing into visible colonies under the cul­
tural conditions used by these workers. Organisms from the 
high-roughage ration, when incubated with glucose, produced 
large amounts of butyric acid with lesser amounts of acetic, 
propionic, lactic and succinic acids. Conversely, organisms 
from the high-concentrate diet produced predominantly acetic 
acid with lesser amounts of lactic and succinic acids, while 
butyric acid was rarely produced and propionic acid, not at 
all. 
Qualitative differences in the rumen bacterial popula­
tions with different rations have been observed by Elsden 
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(19^ 5)» Pounden and Hibbs (1948a, 1948b) and Quin (1943). 
Quin (1943) observed larger concentrations of an oval-shaped, 
yeast-like organism in the nimens of sheep fed lucerne hay 
than those fed poor quality hay. The organism was capable of 
converting glucose to cytoplasmic glycogen and also produced 
gas at a rapid rate. In a starvation study, there was a 
drop in gas production and a corresponding drop in the 
number of oval organisms by the third day of the experiment. 
The sheep were then offered lucerne hay and on the fourth 
day it was noted that the oval cells had disappeared and 
were replaced by large numbers of iodophilic cocci. By the 
sixth day the oval cells reappeared and reached their 
normal concentration by the I4th day. These data emphasize 
the intense competition between organisms for substrates 
within the rumen. In another report, Elsden (1945) found 
that glucose, placed in the rumen of lambs fed poor quality 
hay, was slowly fermented, often remaining as long as 16 
hours. IVhen the lambs were changed to clover hay, glucose 
was rapidly fermented and disappeared from the rumen within 
nine hours. Lactic acid and volatile fatty acids were 
markedly increased under these conditions. The type of flora 
changed from large numbers of diplococci and streptococci to 
a strain resembling the oval cell described by Quin (1943). 
Elsden (1945) suggested that rapid disappearance of lactate 
and its conversion to propionate could have been due to this 
organism or ones similar to the Propioniobacterium spp. 
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In a somewhat different approach, Pounden and Hibbs 
(1948a) found that protozoa were readily established by cud 
inoculation in the rumens of young dairy calves fed either a 
hay or a hay-grain ration. Characteristic varieties of rumen 
bacteria associated with hay ingestion were established in 
some, but not in all of the calves fed hay alone. Establish­
ment of bacteria associated with grain ingestion was not 
assisted by cud inoculation in calves receiving grain. Es­
tablishment of bacteria associated with hay ingestion in 
calves fed grain rations was not successful. The ratio of 
hay to grain was found to influence the establishment of both 
protozoa and bacteria in dairy calves (Pounden and Hibbs, 
1948b). Protozoa could not be established in calves fed 
grain alone and only moderate numbers of protozoa became es­
tablished in calves fed hay alone. Addition of grain to a 
ration of hay increased protozoal numbers until a grain to 
hay ratio of 3:2 was reached. Addition of grain to the ration 
of hay-fed calves resulted in an increase in bacteria asso­
ciated with the ingestion of hay, but at a ratio of 3:1 these 
varieties of bacteria completely disappeared. Very small 
Gram negative rods were present in the rumen of calves fed 
all-roughage rations as compared to small, Gram positive 
short-rods and cocci when grain was added to the ration. 
Larger numbers of bacteria were accompanied by smaller numbers 
of protozoa. Protozoa and varieties of bacteria associated 
with hay ingestion were entirely absent in the rumens of 
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calves fed all-grain rations. Using adult ruminants, Gall 
et al. (19^ 9) reported gross differences in the microflora in 
the rumen of animals maintained under wintering conditions or 
animals grazing summer pasture. Direct microscopic counts 
revealed larger numbers of bacteria in the rumens of grazing 
animals but there was no difference in the type or morphology 
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of the organisms. Grazing animals tended to have a larger 
number of rosette-shaped organisms and sarcina than wintering 
animals. Results of in vitro studies indicated that the 
number of fast growing organisms in a glucose medium increased 
with increasing amounts of grain in the ration. 
Diets containing varying levels of starch and protein 
or different sources of protein have been shown to influence 
the microbial population in the rumen, Mowry and Becker 
(1930) found that protozoal numbers were markedly increased 
by the addition of starch and protein to the ration. However, 
the effect was most pronounced when protein concentrates or 
casein were included in starch-containing rations. Addition 
of starch to a low protein ration resulted in a two-fold 
decrease in the rumen bacterial population (Burroughs e^  al., 
1950b)* This-was accompanied by a decrease in roughage 
digestibility. On the other hand, the addition of casein to 
a starch-containing diet restored bacterial numbers; however, 
doubling the amount of casein had no marked effect on bacter­
ial numbers. Differences in the kinds of organisms were 
observed in fresh rumen contents and in in vitro cultures 
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with all treatments « Mcir and Williams (1950) foimd that the 
level of protein intake was positively correlated (0.98) with 
the numbers of "free" bacteria (excluding bacteria attached 
to feed particles) in the rumen. Williams and Moir (1951) 
reported that free bacterial numbers were higher in sheep fed 
egg protein, casein and urea plus methionine than those fed 
linseed oil meal, subterranean clover seed or urea alone. 
Nitrogen retention was markedly increased with the urea-
methionine treatment. This suggests that methionine may have 
stimulated bacterial growth, thus increasing the amount of 
microbial protein available to the host. The constancy of 
protozoal numbers with these diets further supports this con­
clusion. Increasing the level of starch in low-protein 
rations reduced the total volume of rumen contents and 
changed the types of bacteria in the rumen (Williams ejb al., 
1953)* Gram positive organisms decreased and the presence 
of a Gram variable, pleomorphic rod in long chains around the 
starch granules was observed. Such changes were not found 
with high-protein rations. When the rations contained medium 
or high levels of starch, increasing the protein intake in­
creased bacterial counts but had no effect with the starch-
free diets. These workers concluded that the proportion of 
dietary protein converted to microbial protein is not con­
stant, but diminishes with the quantity of protein consumed. 
This was not in agreement'with the earlier work of Moir and 
Williams (1950). 
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Evidence that microbial numbers vary with time after 
feeding or with feeding regimen has been reported. Johnson 
et al. (1944) found that the greatest number of bacteria and 
the smallest number of protozoa occurred in the rumen the 
first hour after feeding lambs urea diets. At the end of I6 
hours bacterial numbers were reduced one-thirteenth while 
protozoal numbers doubled as compared to the first hour. Al­
though bacterial numbers were unusually low in this experi­
ment, it suggested a possible symbiotic association between 
bacteria and protozoa in the rumen. 
Purser and Moir (1959) observed that the diurnal cycle 
for Bntodinium spp. was characterized by a large number of 
cells at the time of feeding followed by a decline until 
eight hours postprandial, with a gradual recovery in numbers. 
Protozoa taken from the bottom of the rumen (oligotrichs) 
showed a three-fold decrease in numbers from pre-feeding 
levels. Purser (I96I) reported a two-fold decline in holo-
trich protozoa numbers from feeding time to 20 hours after 
feeding. Dasvtricha exhibited a five-fold decline in numbers 
between feeding and lé hours postprandial (Warner, I962). 
Purser and Moir (1959) found the diurnal cycle for dividing 
oligotrichs (those indicating the capacity to multiply) was 
strongly inhibited by the low ruminai pH that occurred two to 
four hours after feeding. Interestingly enough, volatile 
fatty acid production was maximum at this time, Christiansen 
et al. (1962) found that the optimum pH for maximum production 
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of volatile fatty acids in vitro was about seven. Entodinium 
and Dasvtricha became non-viable below a pH of 5«5» Quinn 
et al. (1962) observed that the ruminai ciliates could not 
tolerate a pH below 5*5 or above 8.0 for extended periods in 
a chemically defined medium. Nottle (I956) reported that the 
numbers of free bacteria were related to rumen pH. 
Sheep fed at frequent intervals harbored larger numbers 
of rumen protozoa (small oligotrichs with occasional holo-
trichs) than those fed once a day (Moir and Somers, I 9 5 6 ) .  
Feeding the ration four times a day significantly increased 
protozoal numbers over those found after twice-a-day feeding. 
Twice-a-day feeding increased numbers of protozoa over once-
a-day feeding. Feeding the roughage or concentrate twice-a-
d^ay but at different times also increased protozoal numbers. 
In this study, the lambs were fed only a pound and one half 
of feed per day, which is somewhat less than would be fed 
under normal conditions. Putnam et al. (I96I) reported a 
significant increase in protozoal numbers with fattening 
heifers fed at frequent intervals. "Free bacteria" counts 
were not affected by frequency of feeding (Moir and Somers, 
1957). Multiple feeding increased dry matter digestibility 
and also increased nitrogen retention. The authors postulate 
that the increased nitrogen retention could be due to the 
increase in protozoal numbers, which in turn supplied the 
host with a greater quantity of protozoal protein. This 
appears to be valid since bacterial numbers were not increased. 
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Protozoal protein is known to be of higher quality than 
bacterial protein (McNaught et al., 195^ )• Ruminai ammonia, 
volatile fatty acid concentration and ruminai pH were not 
greatly affected by frequency of feeding (Moir and Somers, 
1957)• These workers observed that the concentration of 
flagellated bacteria (organisms 2-5 of Moir and Masson, 1952) 
fluctuated considerably but could not be related to treatment, 
A count of 7 s; 10^  was found in one animal, indicating the 
magnitude of these organisms in the rumen. This observation 
is of particular importance since the population of flagellated 
protozoa was found to increase markedly in the rumen of 
protozoa-free lambs (Eadie, 1962a and Eadie and Hobson, I 9 6 2 ) ,  
Large day-to-day variations in both the large and small 
protozoa were found in rumen samples taken from the same 
sheep on the same diet (Boyne et a2., 1957)* Williams and 
Moir (1951) found enormous variation between animals fed the 
same diet. For example, the variation between sheep fed a 
casein diet, ranged from no protozoa to I236 protozoa per 
cubic millimeter of fluid, while counts on ingesta from sheep 
fed a urea-methionine diet varied from 180 to 2355 protozoa 
per cubic millimeter. Nearly as much variation occurred 
between sampling periods. The authors suggest that these 
differences were the result of animal variation rather than 
errors incurred in counting protozoa. Moir and Somers (1957) 
using the technique of Adam (I95I) reported no evidence of 
such variability. Seasonal variations in the rumen micro­
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organisms have been reported (Nottle, 195^ and Wilson and 
Briggs, 1955). 
The symbiotic associations of rumen bacteria and pro­
tozoa have been explored to a limited extent. Studies in 
"Which changes in the microbial population were observed do 
not contain observations with regard to protozoal numbers. 
However, Johnson e;t al. (1944) suggested a symbiotic associa­
tion between rumen bacteria and protozoa in lambs fed urea 
diets. The numbers of bacteria in this study were unusually 
low, Moir and Somers (1957) did not observe a change in the 
free bacterial numbers when the numbers of protozoa increased 
under a frequent feeding regimen. Gutierrez (1958) found 
that Isotricha -prostoma Ingested certain rod-shaped bacteria, 
among several types of rumen bacteria, while Sugden and Oxford 
(1952) concluded that bacteria ingested by holotrich protozoa 
were not lactobacilli. Entodinium and Diplodlnium were found 
to ingest rumen bacteria associated with the digestion of 
starch by cattle (Gutierrez and Davis, 1959)» Studies of 
Coleman (I958), (i960) and (I962) indicated that Entodinium 
caudatum could be maintained in vitro in a medium of salts, 
rice starch and grass. However, fresh rumen fluid, from 
which the protozoa had been removed, and chloramphenicol were 
necessary initially for growth and cell division. Maintenance 
of growing cultures required the dilution or replacement of 
the medium every two to four days. When rice starch was 
provided in amounts sufficient to permit engulfment by the 
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protozoa, the cultures were satisfactorily maintained. Addi­
tion of excess starch to the medium increased bacterial 
growth and the protozoa died. Bacteria-free cultures of 
protozoa were found to utilize soluble starch, but this 
material would not maintain growing protozoa and its addition 
to the medium increased bacterial growth. These studies 
suggest that in vitro cultures of Entodinium caudatum can be 
maintained for rather long periods providing the protozoal 
growth and bacterial growth is maintained in close balance. 
This was confirmed by Rahman et al. (196^) in studies of the 
effects of starch and streptomycin on the cultivation of 
rumen protozoa 3ji vitro. Mixed protozoa and bacteria suspen­
sions grown in the presence of starch and high levels of anti­
biotic resulted in smaller protozoal populations than those 
without the antibiotic. Cultures containing high levels of 
starch with no antibiotic contained the greatest number of 
protozoa. Addition of high levels of starch and antibiotic 
decreased the numbers of protozoa, presumably due to factors 
other than increased bacterial activity. The authors suggest 
that the decrease in protozoal numbers on the high starch-
high antibiotic medium was a result of insufficient bacterial 
concentrations. It is interesting to note that cultures 
containing low levels of starch but high levels of antibiotic 
increased protozoal concentrations. This illustrates the 
complex relationship between rumen bacteria and protozoa. It 
would, therefore, appear that the control of bacterial growth 
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in protozoal cult-ures "by antibiotics may be more desirable in 
in vitro cultures than elimination of the bacteria. On the 
other hand, holotrich protozoa have been successfully cultured 
in vitro in the absence of antibiotics (Howard, 1959 and 
Masson and Oxford, I95I). The response of ruminants to anti­
biotic supplementation is of special significance since rumen 
protozoa appear to be rather tolerant to such agents (Heald 
and Oxford, 1953 and Williams et. al,, I96I). 
Bryant and Small ( I 9 6 0 )  observed a marked drop in the 
numbers of cellulolytic bacteria in the rumen of defaunated 
calves when the calves were inoculated with protozoa. The 
bacterial population was greater in lambs which were free of 
protozoa than that of faunated lambs (Nottle, 1956)* Inocu­
lation of the lambs with protozoa resulted in a marked decline 
in bacterial numbers, Sadie and Hobson (I962) recently 
reported similar findings, 
Eadie ( 1 9 6 2 a )  inoculated protozoa-free calves and lambs 
with protozoa and found that when protozoa became established 
the number of flagellated protozoa declined. When the pH 
of the rumen was greater than 6.5 there were few ciliates 
and the population of flagellates developed rapidly. When 
the rumen was acidic, Gram negative cocci, coccobacilli and 
rod-shaped bacteria became established within 15 days. At 
a low pH, Gram positive and Gram negative rods, which were 
probably lactobacilli, appeared but small negative rods 
were absent. In inoculated sheep, the larger types of 
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"bacteria "became rapidly established, with the small seleno-
monads developing first, followed by Quin's ovals and large 
selenomonads. Oscillospira was the last to become established. 
These bacterial species were never observed in calves. The 
symbiotic relationships between ruminai microbial population 
and the host animal are well recognized. The symbiosis be­
tween ruminai bacteria and protozoa is not well understood; 
however, it is evident from these reports that it may be of 
significant importance in the nutrition of ruminants. Studies 
of symbiosis between bacterial species of the rumen are not 
known to the author; however, studies have been conducted 
regarding the symbiosis between certain rumen ciliate proto­
zoa (Eadie, 1 9 6 2 b ) ,  
Numerous reports appear in the literature regarding the 
influence of composition of the ration on the microflora, but 
little information is available on its effect on protozoal 
populations. Information on the effect of the physical form 
of the ration on growth of protozoa is even more limited. 
Garner e^  a^ . (1957) observed a marked increase in 
iodophilic protozoa concomittant with an increase in acid 
production in in vitro cultures where flaked or ground corn 
was the substrate. Christiansen (I963) studied the signifi­
cance of volatile fatty acid and ammonia production in proto­
zoa-free, partially faunated and faunated lambs. Ruminai 
volatile fatty acids were highest in the faunated lambs or 
lanbs in which the Bntodinium spp. of protozoa were predomi­
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nant. The fatty acid concentration was about 16 percent 
higher for faunated lambs than for defaunated lambs. The 
acetate to propionate ratio was narrowed by the presence of 
all, or certain types, of protozoa. The narrowing of the 
ratio was largely the result of increased propionate produc­
tion. Butyrate levels were also higher for the faunated or 
partially fôunated lambs. Ruminai ammonia production was 
nearly doubled in the faunated lambs or lambs containing 
Entodinium as the predominant species as compared with proto­
zoa-free lambs. 
Marked effects on the protozoal populations with changes 
in feeding regimen or physical form of the ration have been 
reported (Christiansen, 1963). Lambs full-fed a pelleted 
ration containing about 4o percent roughage lost their 
ruminai protozoa completely in about 14 days. The lambs fed 
at two-thirds of a full-feed maintained a "normal" population 
of protozoa. When the full-fed lambs were switched to two-
thirds of a full-feed, the protozoa returned to the rumen. 
In trials designed to study the effects of physical form on 
protozoal numbers, a 33 percent roughage ration (alfalfa hay 
or cobs) was fed to lambs as a ground-mixed meal or completely 
pelleted ration. The ground-mixed rations maintained the 
numbers of protozoa in the rumen while pelleting these rations 
lowered or caused complete disappearance of protozoa. Pine-
grinding the corn portion of a mixed ration appeared to de­
crease protozoal numbers as compared to coarsely ground corn. 
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The type of roughage in the ration had no apparent effect on 
protozoal numbers. In another comparison using the same 
ration, pelleting the roughage portion of the ration and 
feeding it with concentrate in the meal form, also caused 
protozoa to disappear from the rumen. Pelleting the concen­
trate portion of the ration and feeding it with hay in the 
ground form, restored protozoal numbers. It is Interesting 
I 
to note that the lamb gains and feed efficiencies favored the 
pelleted rations; these were rations in which protozoa were 
low or absent. The disappearance of protozoa appeared to be 
related to particle size of the ration. Rations in which the 
particle size was reduced supported smaller protozoal popula­
tions. The pH values closely paralleled those of particle 
size. The higher ruminai pH occurred with the coarse-tex­
tured rations. This observation is of interest in view of 
the depressing effect of ruminai pH on protozoal numbers ob­
served by Purser and Moir (1959). 
In a comparison of a 40 and a 6o percent concentrate 
ration, Christiansen (I963) found that protozoal numbers were 
halved by feeding the higher concentrate ration. Pelleting 
the lower concentrate ration markedly reduced protozoal 
numbers as compared to the non-pelleted ration, while pellet­
ing the higher concentrate ration caused the complete dis­
appearance of protozoa from the rumen. Determinations of rate 
of passage of ingesta indicated that lambs full-fed a 6 0  
percent concentrate ration had a higher rate of passage than 
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those limited to two-thirds of a full-feed. Protozoa were 
maintained with the partially-fed lambs but rapidly dis­
appeared from the rumens of lambs which were full-fed. 
Limited data are available with respect to the effect of 
protozoa on the performance of ruminant animals. Becker et 
al, (1930) reported that the physical well being of the host 
was not improved by the removal of protozoa, Sadie ( 1 9 6 2 a )  
found no significant difference in weight gain, feed intake 
or general appearance between animals with and without ciliate 
protozoa. However, protozoa-free calves had rougher hair 
coats and were more pot-bellied than faunated calves. In 
contrast, Christiansen (19^3) found that gains were increased 
25 percent and feed conversion was improved 30 percent by the 
presence of protozoa in the rumen. 
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EXPERIMENTAL PROCEDURES 
The Effect of Physical Form of the Ration and 
Level of Concentrate upon Ruminai pH and 
Volatile Fatty Acid Concentrations in Lambs 
The addition of concentrates to lamb fattening rations 
has generally improved performance. The optimum level of 
concentrate feeding appears to be approximately 50 percent 
for meal-type rations. Pelleting high-concentrate rations 
has improved feed conversion but not necessarily feed con­
sumption or daily gain (Woods and Rhodes, 1962)0 Pelleting 
may bring about a change in the pattern of volatile fatty 
acids produced in the rumen (Rhodes and Woods, 1 9 6 2 ) .  
The pelleting process under certain conditions may 
change the nature of the starch by making it more soluble 
(Hastings et al., I962 and Smith, 1959)» The particle size 
of the ration or its components has been shown to alter 
ruminai fermentation. 
The objectives of this series of experiments were four­
fold. First, to determine if there was a difference in the 
type of ruminai fermentation resulting from moist-heated feed 
when dried at hot temperatures as compared to cool tempera­
tures. Second, to study the effect of particle size of the 
dietary roughage on the pattern of ruminai volatile fatty 
acid production. Third, to determine the minimal level of 
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concentrate which would bring about a change in nominal fer­
mentation. Fourth, to determine if pelleting the concentrate 
or roughage portion of the ration resulted in the same 
pattern of volatile fatty acid production as pelleting the 
complete ration. 
The pelleted rations used in these studies were pelleted 
by the Nixon Feed Company, Des Moines, Iowa. 
The data in all trials were subjected to statistical 
treatment using analysis of variance procedures outlined by 
Snedecor ( I 9 5 6 ) .  
Volatile fatty acid Trial 1 
This study was initiated to determine the effect of 
heating the ration or of adding glucose, lactose or whey to 
the ration on volatile fatty acid concentrations and propor­
tions of acids produced in the rumen. 
Eighteen wether lambs, averaging 8 3  pounds, were randomly 
allotted to six treatments of three lambs each. The composi­
tion of the rations is presented in Table 1. Rations 1, 2 
and 3 were the ground-mixed basal. Ration 2 was processed by 
the addition of 4-0 percent water, heated at 100°C. for six 
hours and dried at the same temperature. Ration 3 was pro­
cessed by the addition of 40 percent water, heated at 100°C. 
for six hours and dried at room temperature. Rations 5 and 
6  were similar to the basal ration, except that 7 ,  1 0  and 7  
percent glucose, whey and lactose, respectively were added 
96 
Table 1, Percentage composition of rations fed in volatile 
fatty acid Trial 1 
Ingredient Bation 
1, 2 4 5 6 
and 3 
Ground shelled corn^  
Ground alfalfa hay" 
5^ .5 47.5 44.5 47.5 
33.0  33 .0  33 .0  33 .0  
Molasses 7.0 7.0 7.0 7.0  
Soybean oil meal 5.0 5.0  5 .0  5.0 
Salt 0.5  0 .5  0.5 0.5 
Glucose 7.0 —  —  — —  
Whey — —  —  —  10.0 —  —  
Lactose — — — — — — 7.0 
Vitamin A-D(gm./100 lb.) 6.0 6.0 6.0 6.0 
G^roimd through a 1/4 inch screen in a hammer mill. 
G^round through a 1/2 inch screen in a hammer mill. 
°Quadrex, contains 10,000 I.U. of vitamin A and 1,250 
I.U. of vitamin I>2 per gram. 
at the expense of the ground shelled corn. The processed 
rations were heated in sealed containers to retain the mois­
ture in the feed. A forced-air oven was used to supply the 
heat. The ration dried at room temperature was spread in 
pans in thin layers and allowed to dry for several days prior 
to feeding. 
The lambs were marked for identification and vaccinated 
for contagious ecthyma and enterotoxemia. "Shrunk weights" 
were recorded at the beginning and ending of the trial, with 
"fill weights" taken every two weeks during the trial. The 
lambs were fed according to appetite in individual crates. 
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They were given access to feed for a two-hour period twice 
daily. The remainder of the time they were handled as a 
group in an outside, concrete lot with free access to water. 
The lambs were fed 26 days prior to the first ruminai-ingesta 
sampling. Ruminai ingesta samples were obtained via stomach 
tube four hours after the morning feeding. The technique 
employed for obtaining ruminai ingesta samples was to pass a 
heavy metal strainer connected to a small diameter rubber 
tubing down the esophagus into the rumen contents. Twenty 
milliliters of fluid were drawn into a disposable plastic 
syringe and the pH was immediately determined. The micro­
organisms were killed by addition of one milliliter of five 
percent mercuric chloride solution. The procedure was to 
sample one lamb from each treatment per sampling day and to 
sample three times weekly. The following week all the lambs 
were sampled again to make a total of six samples per treat­
ment during the two-week sampling period. 
The procedures used in this study for collection and 
preparation of the samples for analysis of volatile fatty 
acids were those of Raun (I96I) and Baun and Burroughs (I962), 
The procedures used for analyzing rumen fluid samples were • 
those of Balls (I960) as modified by Baun (I96I). The rumen 
fluid was centrifuged in a Serval Superspeed Centrifuge SS-1 
at 12,000 r.p.m, for 4o minutes. Five milliliters of the 
supernatant were removed and the protein was precipitated 
with a solution of 2,5 percent sulfuric acid saturated with 
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magnesium sulfate. Following filtration, the pH was adjusted 
to approximately 2.3 and the filtrate was diluted to 50 
milliliters volume. The volatile fatty acids in a 20 milli­
liter aliquot were distilled through a Markham steam distilla­
tion apparatus (Markham, 1942). Total volatile fatty acids 
were then titrated with potassium hydroxide, dried at 100°C., 
mixed with potassium ethyl sulfate reagent and analyzed for 
percentages of the volatile fatty acids in an Aerograph 110 C 
gas phase chromâtograph connected to a Brown-Honeywell 1 mv. 
recorder. A 10-foot stainless steel column, one-fourth inch 
in diameter, packed with 20 percent nonpolar silicone stearate 
coated on Chromosorb W solid support was used for the separa­
tion of the fatty acids. 
Volatile fatty acid Trial 2 
Twenty-four wether lambs, averaging about 80 pounds, were 
randomly allotted to a 2 x 2 x 2 factorial arrangement of 
treatments. The design of this experiment is shown in Table 
2. The treatments consisted of two hay grinds, two physical 
forms of hay and two levels of concentrate. feeding in all 
possible combinations. The hays were ground through a 1/4 or 
1/2 inch screen in a hammer mill and fed either as a meal or 
as 1/k inch pellets. The level of concentrate were 0 and 6? 
percent. The rations containing concentrates were fed as 
complete rations in which the roughage and concentrates were 
mixed together. The all-roughage rations (1, 3» 5 and 7) 
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Table 2. Experimental design of volatile fatty acid Trial 2 
Ration Hay grind Physical form Level of 
inches of the hay concentrates 
1 1/2 Meal 0 
2 1/2 Meal 67 
3 1/2 Pellet 0 
4 1/2 Pellet 67 
5 1/4 Meal 0 
6 1/4 Meal 67 
7 1/4 Pellet 0 
8 1/4 Pellet 67 
were composed of good quality alfalfa hay. Bâtions 2, 4, 6 
and 8 were of the same composition as the basal ground-mized 
ration used in volatile fatty acid Trial 1 (Table 1). 
The feeding, management and sampling procedures used in 
this trial were the same as those used in the previous trial. 
The lambs were allowed a 34-day period to become adapted to 
the rations before obtaining the rumen samples. 
Volatile fatty acids were analyzed according to the 
procedure outlined in Trial 1, 
Volatile fatty acid Trial 3 
Twenty-four wether lambs, averaging 75 pounds, were ran­
domly allotted to a 2 X 4 factorial arrangement of treatments 
with three lambs per treatment. The treatments consisted of 
two physical forms of the ration, meal and 1/4 inch pellets, 
and four levels of concentrate, 0, 20, 4o and 6o percent. 
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Table 3° Percentage composition of rations fed in volatile 
fatty acid Trial 3 
Ingredient Ration 
1 and 5 2 and 6 3 and 7 4 and 8 
Ground alfalfa hay^  
Ground shelled com 
Molasses 
Soybean oil meal 
Salt 
Vitamin A-D(gm./100 lb.) 
1 0 0 . 0  8 0 . 0  6 0 . 0  40.0 
— —  7.5 27.5 47.5 
—  —  7.0 7.0 7.0 
— —  5.0 5.0 5.0 
—  "  0.5 0.5 0 . 5  
—  —  6 . 0  6 . 0  6 . 0  
•^Ground through a 1/2 inch screen in a hammer mill. 
C^oarsely ground by passing through a roller mill. 
°Quadrex, contains 10,000 I.U. of vitamin A and 1,250 
I.U. of vitamin D2 per gram. 
The composition of the rations is presented in Table 3» 
Rations 1 through 4 were fed as a ground-mixed ration while 
rations 5 through 8 were pelleted. Each of the rations con­
taining concentrate was prepared and mixed in the meal form 
and then divided, with half being made into 1/4 inch pellets. 
The corn was coarsely ground by passing through a roller mill 
while the hay was ground through a 1/2 inch screen in a 
hammer mill. The concentrate to roughage ratios were varied 
by decreasing the amount of corn and Increasing the quantity 
of hay in the mixture. In formulating the rations an attempt 
was made to make them iso-nitrogenous. Chemical analyses 
indicated that the alfalfa-hay rations contained 14.3 percent 
protein and the rations containing concentrates, I 3 . 3  to I 3 . 7  
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percent protein. 
Feeding, management and sampling of the lambs was simi­
lar to that of the previous trials. The lambs were fed the 
experimental rations for a period of 28 days prior to the 
first sampling. The rumen fluid was collected four hours 
after the morning feeding. The procedure was to sample one 
lamb on each treatment per sampling day and to sample three 
times weekly during a three week period to make a total of 
nine samples per treatment. 
Procedures for volatile fatty acid analysis and statis­
tical treatment of the data have been previously described. 
Volatile fatty acid Trial 4 
The animals used in this trial were 24 wether lambs that 
averaged 75 pounds in weight. They were randomly allotted to 
a 2 X 4 factorial arrangement of treatments with three lambs 
per treatment. The treatments consisted of two levels of 
concentrate, 20 and 80 percent, (hereinafter referred to as 
low and high-concentrate, respectively) and four physical 
forms of the ration. The forms were meal, complete pellet, 
roughage portion of the ration pelleted and concentrate por­
tion of the ration pelleted. The composition of the low and 
high-concentrate rations is presented in Table 4-. The respec­
tive rations or portions of rations were made into 1/4 inch 
pellets. These rations were calculated to contain 14.0 
percent protein and chemical analyses revealed that the low-
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Table 4. Percentage composition of rations fed in volatile 
fatty acid Trial 4 
Ration 
Ingredient Low High 
concentrate concentrate 
Ground alfalfa hay^ 80.0 20.0 
Ground shelled com 1 0 . 5  58.5 
Molasses 7.0  7 .0  
Soybean oil meal 2.0 14.0 
Salt - 0.5 0 . 5  
Vitamin A-D(gm./100 lb.) 6.0 6.0 
^Ground through a 1/2 inch screen in a hammer mill, 
^Coarsely ground by passing through a roller mill. 
^Quadrex, contains 10,000 I.U. of vitamin A and 1,250 
I.U. of vitamin Dg per gram. 
concentrate ration contained I5.O and the high-concentrate 
ration 14.0 percent protein. 
Management of the lambs and the procedure used for 
collection and processing of the rumen fluid was the same as 
that used in the previous trials. The lambs were allowed a 
33-day adaptation period prior to taking the first sample. 
Then one lamb on each treatment was sampled once per week for 
three weeks to make a total of nine samples per treatment. 
Individual feed refusals were recorded and analyzed for 
nitrogen by the Kjeldahl method. 
At the end of the trial, the lambs were slaughtered and 
the reticulo-rumens removed for the purpose of making gross 
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observations on the color and papillary development of rumen 
epithelia. 
Volatile fatty acid Trial 6 
Sixteen wether lambs, averaging about 72 pounds, were 
randomly allotted to four treatments with four lambs per 
treatment. The treatments consisted of alfalfa hay fed in 
four physical forms: (1) long, (2) ground through a 1/2 inch 
screen in a hammer mill, (3) ground hay made into 1/4 inch 
pellets and (4) pellets re-ground by passing through a roller 
mill. This study was conducted at the completion of a di­
gestion trial. The lambs were kept in metabolism crates and 
fed their rations according to appetite for 20 days prior to 
taking the first sample of rumen fluid. Two lambs on each 
treatment were sampled per sampling day and samples taken on 
two consecutive days. Each lamb was sampled at 2, 4, 6 and 8 
hours after feeding for a total of four measurements per 
sampling period and 16 observations per ration treatment. 
Collection of this number of samples required a modifi­
cation of the procedures used for processing the rumen fluid. 
The method of Erwin et a2. (I96I) was adapted for this pur­
pose. Twenty milliliters of rumen fluid were drawn from the 
rumen by stomach tube and the pH was immediately determined. 
One milliliter of five percent solution of mercuric chloride 
was added to stop fermentation. The fluid was centrifuged in 
a Serval Superspeed Centrifuge SS-1 at 8,680 r.p.m. for 30 
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minutes. Ten milliliters of the supernatant were placed in 
60 milliliter polyethylene screw-cap bottles. Two milliliters 
of a freshly prepared 25 percent (w/v) meta-phosphoric acid 
solution were added to the bottle, the contents were mixed 
and stored in a refrigerator at until volatile fatty 
acid analysis could be completed. The storage bottle was 
removed from the refrigerator, allowed to warm to room tem­
perature and its contents were transferred to a polyethylene 
centrifuge tube. The contents were centrifuged as indicated 
above and a five milliliter aliquot diluted to 50 milliliters. 
The pH of the diluted solution was between 2.3 and 2.7. A 
number of samples with a pH of around 2.7 were adjusted to a 
pH of 2.2 to 2.3; however, this did not improve the recovery 
of the distillable acids. The use of metaphosphoric acid as 
a protein precipitant, and centrifugation, resulted in higher 
recovery values for the total fatty acids as compared to the 
sulfuric acid-magnesium sulfate protein precipitant process, 
followed by filtration. Steam distillation and chromato­
graphic separation of the fatty acids was the same as pre­
viously described. 
Feed consumption data were recorded during the collection 
period of the digestion trial. Nitrogen analysis of the hays 
was by the Kjeldahl method. 
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Chemical Changes Due to Ration Preparation as 
Reflected "by Soluble Nitrogen and Volatile Patty Acid 
Production by Ruminai Bacteria in vitro 
A number of biochemical changes in feed materials sub­
jected to heat, steam or pelleting have been observed. Lin-
dahl and Davis (1955a) and King et al» (I963) have noted a 
marked reduction in the crude fiber content caused by pellet­
ing hay. Ether-extract was increased by pelleting (Lindahl 
and Reynolds, 1959) while the soluble nitrogen was lowered by 
autoclaving hay (Hintz et al.. I962), The percentage of 
soluble starch was shown to increase as a result of pelleting 
com or sorghum grain (Hastings and Miller, I96I). Steaming 
of sorghum grain or ground corn resulted in a lower percen­
tage of total water solubles, reducing sugars and soluble 
protein. 
The concentration of volatile fatty acids in the rumen 
of sheep fed pelleted hay was markedly increased over that of 
non-pelleted hay (Leffel and Komarek, 19^1). However, pellet­
ing a complete hay-grain ration has not been shown to influ­
ence the acid concentration as compared to a similar non-
pelleted ration. 
These studies were conducted to determine if pelleting 
brought about changes in the chemical composition of the 
ration. Soluble nitrogen determinations were made on 
pelleted and non-pelleted hays and on complete rations. 
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Gross changes in chemical composition were determined using 
volatile fatty acid production vitro as the criterion. 
Statistical treatment of the data included analysis of 
variance according to Snedecor (I956) and the Multiple Range 
Test of the significance of mean comparisons by Duncan (1955)• 
Soluble nitrogen determinations 
The procedure of Lyman al. (1953) was used with some 
modification in the determination of nitrogen solubility in 
rations fed to lambs in volatile fatty acid Trial 4 and 5* 
One gram of the sample was weighed into a 250 milliliter 
Erlenmeyer flask containing three glass beads. One hundred 
milliliters of 0.02N sodium hydroxide were added together 
with two drops of octyl alcohol to control foaming. The 
flasks were stoppered and agitated on a Pisher-Kahn mechanical 
shaker at room temperature for 55 minutes. After allowing to 
stand for five minutes the liquid was decanted and centri-
fuged in a Serval Superspeed centrifuge at 8,680 r.p.m. for 
30 minutes. A 50 milliliter aliquot of the supernatant was 
pipetted into a Kjeldahl flask and the total nitrogen deter­
mined according to the Kjeldahl method. Total nitrogen deter­
minations were made on the air-dry feed sample and the soluble 
nitrogen expressed as a percent of total feed nitrogen. 
Duplicate determinations were made on all samples. 
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In vitro Experiments 1 and 2 
The objective of these experiments was to determine 
whether rumen microorganisms could distinguish between two 
widely differing substrates In vitro. If this proved to be 
the case, then the resulting fatty acid production would re­
flect the differences. The artificial rumen technique 
described by Cheng e^  al, (1955) aiid modified by Trenkle 
(1958) was used in these experiments. 
A mature, fistulated steer which was fed a ration con­
sisting of 28.6 percent long alfalfa hay, JO,6 percent rolled 
shelled corn, 28.6 percent finely ground cob, 5»? percent 
soybean oil meal, 5*7 percent molasses, 0,4 percent salt and 
0.4 percent mineral-vitamin mixture served as the source of 
rumen microorganisms. The mineral-vitamin mixture contained 
0.5 pound of dicalcium phosphate and 12,0 grams Quadrex mixed 
with 0,5 pound of soybean oil meal as the carrier, Quadrex 
contains 10,000 I.U, of vitamin A and 1,250 I.U, of vitamin 
Dg per gram. 
One hundred milligrams (+0,2 mg.) of substrate were 
weighed into a series of 75-Mlllillter Serval centrifuge 
(fermentation) tubes. The substrates used in this experiment 
consisted of ground alfalfa hay from volatile fatty acid 
Trial 5 and the high-concentrate ration from volatile fatty 
acid Trial 4. The rations were finely ground in a Wiley mill 
through a one millimeter screen. The tubes were stoppered to 
prevent contamination prior to the time of inoculation. 
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The bacterial inocultim was prepared by collecting ingesta 
from the dorsal sac of the rumen of the steer approximately 
five hours after the morning feeding. The ingesta was 
pressed through four layers of cheese cloth, collecting a 
total of one liter of fluid in a preheated, insulated con­
tainer. Three pounds of pressed pulp were re-suspended in 
two liters of buffer solution which contained 1.059 grams of 
sodium mono-hydrogen phosphate and O.436 grams of potassium 
dihydrogen phosphate per liter. The buffer was warmed to 
39°C. and saturated with carbon dioxide. The pulp-buffer 
suspension was pressed through four layers of cheese cloth 
and collected in the insulated container containing the liter 
of whole rumen fluid. The three liters of liquid were 
carried to the laboratory and centrifuged in a Serval Large 
Angle Centrifuge Type-G at 2,000 r.p.m. for two minutes. The 
supernatant was filtered through eight layers of cheese cloth 
and passed through a Sharpies Centrifuge at 25>000 r.p.m. 
The microorganisms were carefully scraped from the sides of 
the Sharpies barrel with the layer containing the feed parti­
cles generously discarded. 
The microorganisms were suspended in 500 milliliters of 
bacterial medium which was warmed to 39°C. and saturated with 
carbon dioxide. The composition of the bacterial medium is 
presented in Table 5* The suspension of microorganisms was 
mixed in a Waring blendor for two minutes, added to an equal 
volume of medium and placed in a water bath held at 39°^ !. for 
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Table 5« Composition of the bacterial medium used in in 





























10 minutes with carbon dioxide bubbling through the suspended 
microorganisms. The pH of the inoculum was adjusted to 6.8 
or 7*0 with a saturated solution of sodium carbonate. The 
bacterial inoculum was kept in suspension by means of a mag­
netic stirring bar and by passing carbon dioxide through the 
suspension. Twenty milliliter aliquots of the suspension 
were distributed to the fermentation tubes. The tubes were 
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fitted with a rubber stopper equipped with an inlet tube for 
carbon dioxide and a gas outlet tube. The tubes were held in 
a 39°C, water bath for 24 hours with carbon dioxide bubbling 
through the suspension. At zero hour and at the end of 4, 8, 
12, 16, 20 and 24 hours of fermentation, tubes were removed 
from the water bath and the microorganisms were killed by the 
addition of one milliliter of a five percent solution of 
mercuric chloride. In Experiment 1, two tubes were removed 
and in Experiment 2, three tubes were removed at each of the 
fermentation periods. This resulted in a total of five 
measurements per fermentation period per substrate. 
The tubes were allowed to cool to room temperature and 
their contents were transferred to polyethylene centrifuge 
tubes and centrifuged in a Serval Superspeed Centrifuge 88-1 
at 8,680 r.p.m. for 30 minutes. Ten milliliters of.the 
supernatant were transferred to a 60 milliliter polyethylene 
screw-cap bottle. Two milliliters of a 25 percent (w/v) 
solution of meta-phosphoric acid were added to the bottle, 
the contents mixed and stored in a refrigerator at until 
volatile fatty acid analysis could be completed. The proce­
dure used for volatile fatty acid analysis was the same as 
described in volatile fatty acid Trial 5 was used in all 
subsequent in vitro experiments. 
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In vitro Experiments 3 4 
The results of the previous experiments Indicated that 
rumen microorganisms were capable of distinguishing between 
the substrates as shown by differences in volatile fatty acid 
production. These experiments were designed to determine 
whether there had been a biochemical change in the ration 
resulting from pelleting. The rations used were those of 
volatile fatty acid Trial 4. The design of these experiments 
is shown in Table 6. 
Table 6, Experimental design of in vitro Experiments 3 and 4 
Substrate Level of Physical form 
concentrate 
Percentage 
1 20 Meal 
2 20 Complete pellet 
3 20 Roughage portion pelleted 
k 20 Concentrate portion pelleted 
5 80 Meal 
6 80 Complete pellet 
7 80 Roughage portion pelleted 
8 80 Concentrate portion pelleted 
20 Meal + hydrolyzed casein 
10^  20 Meal + glucose 
11° 20 Meal + casein and glucose 
T^wenty milligrams hydrolyzed casein added per fermen­
tation tube. 
T^wenty milligrams of glucose added per fermentation 
tube. 
T^wenty milligrams of glucose and 20 milligrams of 
casein added per fermentation tube. 
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In each experiment three fermentation tubes per substrate 
were inoculated with a suspension of rumen microorganisms 
prepared in a manner similar to that described in the previous 
i 
experiments. The two experiments were conducted within two 
days of each other to insure a constancy in inoculum and 
incubation conditions. Casein and glucose were added to the 
low-concentrate ration either singly or together to serve as 
a means for identifying a chemical change in any of the other 
substrates. The fermentation period was 24 hours in length. 
Cultural Studies with Mixed Suspensions of 
Rumen Bacteria and Protozoa 
The use of ruminai organisms in in vitro fermentation 
studies is well documented in the literature. Mixed suspen­
sions of rumen bacteria and protozoa were used by several 
early workers in the study of rumen physiology (Burroughs et 
al.. 1950a; Louw e^  al., 19^ 9? Marston, 19^ 8 and Pearson and 
Smith, 1943). During the last 10 to I5 years many types and 
modifications of the artificial rumen have been employed. 
Moreover, the preparation of bacterial inoculum and the ac­
tivity of rumen microorganisms Jji vitro has undergone exten­
sive Investigation. Several workers have been intensively 
interested in the nutrition and physiology of the rumen 
microbial population. The culture of the rumen ciliate pro­
tozoa has been critically studied in recent years (Coleman, 
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i960; Howard, 1959 and Purser, I96I). Christiansen (I963) 
investigated the physical and nutritional requirements of 
bacteria-free cultures of rumen protozoa. He emphasized that 
the rate and amount of volatile fatty acid production was 
affected by such factors as pH, length of fermentation, 
energy content of the substrate, size of inoculum, minerals 
and antibiotics. 
The following series of experiments were initiated to 
study cultural conditions under which mixed cultures of 
bacteria and protozoa would produce maximal volatile fatty 
acid concentrations with substrates consisting of ground feed. 
Initially, separation studies were conducted to obtain a 
protozoal suspension which was satisfactory for laboratory 
fermentations. Among other factors investigated were incu­
bation medium, size of inoculum and length of fermentation. 
Separation of protozoa from ruminai contents 
The major objective of these experiments was to prepare 
a suitable protozoal suspension that could be used with a 
ruminai bacterial inoculum in laboratory fermentations. It 
was desirable to obtain a protozoal inoculum which: (1) was 
representative of the host animal with respect to genera 
present in the rumen, (2) was reasonably free of ruminai 
bacteria and extraneous feed material, (3) would provide a 
sufficient volume of settled protozoa for use in in vitro 
fermentations with bacteria, (4) could be obtained within a 
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reasonably short period of time and (5) would require a 
minimum of manipulation and handling during the time when the 
bacterial inoculum was being prepared. 
Separation Experiment 1 Preliminary separation 
studies were conducted using the procedures of Gutierrez 
(1955) and Oxford (1955) as modified by Christiansen (19^ 3)-
The results indicated that a large number of protozoa became 
entrapped in the foam produced when soluble sugars were added 
to rumen fluid to assist in settling the protozoa. Micro­
scopic examination revealed that the foam material contained 
feed debris and the smaller ruminai protozoa Entodinium and 
Dasvtricha. The purpose of this experiment was to find a way 
of releasing the entrapped protozoa so they could settle out 
with the larger protozoa. 
Five liters of rumen fluid were collected from the rumen 
of a fistulated steer using a syringe and suction strainer 
apparatus described by Baun and Burroughs (I96I), The steer 
was the same as used in the previous in vitro studies. Ap­
proximately 50 percent of the liquid was drawn from the floor 
of the rumen, 25 percent from the mid-area and the remainder 
from the upper part of the ruminai ingesta. The fluid was 
carried to the laboratory in a preheated, insulated container 
and strained through four layers of cheese cloth. The fluid 
was divided equally between two large beakers and placed in a 
water bath at 39°C. Two and one-half grams of maltose and 
1,25 grams of sucrose were added to each beaker. One beaker 
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was covered with aluminum foil through which a carbon dioxide 
inlet tube was inserted to maintain a gas pressure over the 
surface of the liquid. The other beaker remained open to the 
atmosphere. It was anticipated that such pressure would dis­
rupt the foam and thus allow the protozoa to settle to the 
bottom of the vessel. Separation was allowed to proceed for 
a period of two hours and three fractions were collected from 
each beaker for further separation. 
The first fraction obtained consisted of the foam mater­
ial which was aspirated into 350 milliliters of preheated, 
carbon dioxide-saturated wash solution, and then was trans­
ferred to a 500 milliliter separatory funnel. The composition 
of the wash solution is presented in Table 7, The wash solu­
tion was the incubation medium used by Christiansen et al. 
(1962) with carbohydrates and antibiotic removed. Cysteine 
hydrochloride was added to the solution to maintain anaero-
biosis. The second fraction consisted of approximately two-
thirds of the remaining fluid which was decanted into a flask. 
The third fraction consisted of the bottom third of the fluid 
which was decanted into a 500 milliliter separatory funnel. 
All fractions were placed in a 39°C. water bath and allowed 
to settle. Each funnel or flask (batch of protozoa) was 
gassed with carbon dioxide for two minutes after being re­
turned to the bath. After about an hour, the second fraction 
was decanted, saving about ^ 00 milliliters of the lower layer 
which was transferred to a separatory funnel, placed in the 
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Table 7* Composition of wash solution used in the isolation 
of rumen protozoa 
Constituent Grams per liter 
NaCl 3.0 
KCl 2.0 
3 « 0 
KC2H3O2 2.0 
NaHCO^  2.0 
KgSO^  1.0 
Na2HP04'7H20 3.0 
KH2PO4 2.5 
MgSO^ 'fSgO 0.1 
L-Cysteine HCl, mg./l. 40.2 
water bath and gassed with carbon dioxide. 
The separatory funnels were removed from the water bath 
after about four hours and the settled protozoa were drawn 
off by quickly opening and closing the stopcock of the 
separatory funnel, several times. A short time was allowed 
to elapse between each withdrawal. The volume of washed 
settled protozoa from each fraction was measured and the pro­
tozoa were examined under a compound light microscope, at 
lOOx magnification. 
Separation Experiment 2 The use of carbon dioxide as 
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described in the previous experiment was not effective in 
reducing foam formation. It was observed that all of the 
fractions of settled protozoa contained considerable amounts 
of feed particles, A second experiment was conducted to 
correct these two inadequacies. 
Five liters of ruminai fluid were carefully siphoned 
from the rumen of a fistulated steer by means of the suction 
strainer apparatus. The apparatus was inserted into the 
rumen and the strainer situated in a pool or pocket of fluid 
held in the rumen-cistern. This cistern appeared to be 
located in the ventral portion of the rumen and slightly 
posterior to the reticulo-ruminal fold. The collection was 
made prior to the morning feeding or about 16 hours after the 
evening feeding the previous day. 
The rumen fluid was carried to the laboratory in a pre­
heated insulated container and divided into two equal portions. 
One portion was strained through four layers of cheese cloth 
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into a large beaker and placed in a water bath. Sucrose and 
maltose were added as previously described. The second por­
tion was centrifuged in a Serval large Angle Centrifuge lype-
G at 1,000 r.p,m, for 10 minutes. The supernatant was re­
tained and placed in the water bath and gassed with carbon 
dioxide. The sediment was suspended in about 600 milliliters 
of wash solution, decanted into separatory funnels and placed 
in the water bath. The contents of the funnels were gassed 
with carbon dioxide and the protozoa allowed to settle. 
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After two hours, the first portion of fluid was divided into 
fractions by separation procedures employed in the preceeding 
experiment. At this time the settled protozoa from the 
second portion of fluid were withdrawn from the separatory 
funnels into fresh wash solution, placed in the water bath 
and gassed with carbon dioxide. The separatory funnels were 
stoppered and inverted several times and the protozoa allowed 
to settle a second time. Then the settled protozoa were 
withdrawn from the three fractions of the first portion of 
rumen fluid and from the first and second settlings of the 
second portion of the fluid. Their respective volumes were 
recorded. All fractions and separations were examined micro­
scopically. 
Separation Experiment 1 The rumen fluid collected 
prior to the morning feeding and from the cistern of the 
rumen was found to contain large numbers of protozoa and con­
siderably less feed material. 
Because a different fistulated steer was made available 
as a source of bacteria and protozoa, a third separation ex­
periment was conducted to check the repeatability of the 
separation procedure. 
A two-year old, fistulated Hereford steer was fed 23*0 
pounds of feed daily. The ration contained 46 percent long 
alfalfa hay, 26 percent rolled shelled corn, 14 percent 
finely ground cob, six percent soybean oil meal, seven percent 
molasses, 0.4 percent dicalcium phosphate, 0,4 percent salt 
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with added vitamin A and D, The ration was calculated to 
contain about 6o percent roughage. 
Approximately four liters of rumen fluid were carefully 
siphoned from the steer prior to the morning feeding and from 
the rumen cistern. The procedures of separation were essen­
tially the same as used for the centrifuged fluid in the pre-
ceeding experiment. Several improvements in the technique 
were made. 
The total quantity of fluid was strained through eight 
layers of cheese cloth into a large beaker. The strained 
fluid was kept in the water bath between centrifugations. 
The cheese cloth was gathered and rinsed in the wash solution. 
Handling of the separatory funnels was kept to a minimum so 
as not to disturb the settled protozoa or to accelerate the 
rising of feed particles to the top. The total time involved 
in the separation process was approximately four hours. The 
volume of settled protozoa was recorded. The protozoa were 
examined under a microscope for morphological changes and 
motility. 
Separation Experiment 4 The results of microscopic 
examination in the previous experiment indicated that the 
protozoa were noticeably sluggish with respect to motility 
and feeding habits. The Diplodinium spp. tended to contract 
their membranelles and become nonmotile. 
Because the protozoa were in a somewhat starved condition 
when taken from the animal and were subjected to rigorous 
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separation treatment, a final experiment was conducted to 
determine if they would recover when incubated In an energy 
containing medium. 
Procedures for collection of rumen fluid and separation 
techniques were employed as described in the previous exper­
iment, Two hundred fifty milliliters of preheated bacterial 
medium (Table 5) were mixed with 3«25 grams of energy sub­
strate (62 percent starch powder, 15 percent soluble starch, 
15 percent cellulose and eight percent sucrose) in a Waring 
blendor. About six milliliters of washed settled protozoa 
were added to the medium. Twenty milliliter aliquots of the 
suspension were distributed to a series of 12 fermentation 
tubes. The tubes were held in a 39°C, water bath with carbon 
dioxide bubbling through the suspension. One tube was removed 
after 0, 2, 4, 6, 8, 10, 20 and 24 hours of incubation and 
the contents were examined microscopically for motility and 
viability of protozoa. Pour tubes from the 24-hour period 
were checked for pH and processed for volatile fatty acid 
analysis. 
Incubation medium and length of fermentation 
It was concluded from the preceeding experiment that the 
separation procedures used did not adversely affect the motil­
ity, viability and subsequent feeding habits of ruminai pro­
tozoa, Further, the protozoa did ingest starch particles and 
produced volatile fatty acids. It was not known, however. 
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whether the protozoa-bacteria suspension would produce fatty 
acids maximally with the bacterial medium and feed substrate. 
Quinn et al. (I962) observed that some of the ruminai ciliates 
were quite sensitive to differences in the osmotic pressure 
of the culture medium. Therefore, two media were compared in 
this experiment, the bacterial medium or medium A (see Table 
5) and a protozoal medium or medium B, In addition, cultures 
were prepared to provide a comparison of bacteria alone, 
protozoa alone and bacteria plus protozoa with each medium. 
Medium B was the vjash solution shown in Table 7» except 
potassium and sodium acetate and cysteine hydrochloride were 
omitted. The bacterial inoculum was prepared as previously 
described, except the cells were suspended in 100 milliliters 
of 0.85 percent saline. Equal quantities of the bacteria-
saline suspension were added to 500 milliliters of medium A 
and medium B, The protozoa were separated as described in 
separation Experiment 1. Washed, settled protozoa were added 
to a given volume of medium A and B. A streptomycin solution 
(concentration of 50 milligrams streptomycin per milliliter) 
was added to both media at a level of 0.53 milliliters per 
100 milliliters of medium to kill any bacteria present in the 
protozoal inoculum. 
Twenty milliliter aliquots of medium A and B containing 
bacteria and like aliquots of medium A and B containing pro­
tozoa were distributed among the fermentation tubes. Washed, 
settled protozoa were added to the remaining portion of 
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medium A and B containing "bacteria and like aliquot s were 
transferred to fermentation tubes. 
In the cultures containing only protozoa, the volume of 
protozoa in 20 milliliters of medium was 0.25 milliliters. 
In the cultures containing both bacteria and protozoa, the 
volume of protozoa in 20 milliliters was 0.^ 5 milliliters. 
The substrate for all treatments was 100 milligrams of 
the finely ground high-concentrate feed (Substrate 6, Table 
6) • 
After 0, 4, 8, 12, 16, 20 and 24 hours of incubation, 
one tube from each treatment combination was removed for 
volatile fatty acid analysis as previously described. 
The data were analyzed statistically using analysis of 
variance procedures according to Snedecor (195^ ). 
Size of protozoal inoculum in cultures with ruminai bacteria 
The objectives of this experiment were to determine the 
optimum level of protozoa to use in bacterial fermentations 
in order to obtain maximal cellulose digestion and volatile 
fatty acid production. 
The substrates consisted of a low concentrate and a 
high-concentrate feed (see Table 4 for the composition) which 
were finely ground by passing through a one millimeter screen 
in a Wiley mill. One hundred milligrams of each substrate 
were weighed into a series of fermentation tubes. 
The bacterial inoculum was prepared as previously out­
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lined» The protozoal inoculum was prepared using the proce­
dures described in separation Experiment 3» The levels of 
washed and settled protozoa added to the bacterial inoculum 
for each substrate were 0 (bacteria alone), 12, 24, 36 and 48 
milliliters per liter of incubation medium which was equal to 
0, 0.24, 0.48, 0 .72  and 0 ,96  milliliters of protozoa per 20  
milliliters of medium. Three tubes per level of protozoa per 
substrate were used. 
The fermentation was allowed to proceed for 24 hours. 
Then the tubes were removed from the water bath and treated 
with mercuric chloride to stop fermentation. Cellulose 
digestion was determined using a modification of the method 
of Crampton and Maynard (1938). Volatile fatty acid pro­
duction was determined as previously described. A procedure 
for the determination of both cellulose digestion and volatile 
fatty acid production in the same fermentation tube was 
developed. After the bacteria had been killed with mercuric 
chloride, the tubes were allowed to cool to room temperature. 
The contents of each tube were transferred to a polyethylene 
centrifuge tube and centrifuged at 8,680 r.p.m. in a super-
speed centrifuge for 30 minutes. A 10-milliliter aliquot of 
the supernatant was removed, treated with meta-phosphoric acid 
and stored in a refrigerator. The remaining supernatant was 
carefully decanted from the tightly packed sediment. The 
sediment was suspended in approximately 7*5 milliliters of 80 
percent acetic acid by means of a rubber policeman. This 
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suspension was decanted into the original glass fermentation 
tube. About 7.5 milliliters of acetic acid was added to the 
centrifuge tube and feed residue carefully washed into the 
fermentation tube. Concentrated nitric acid in the amount of 
1.5 milliliters was added to each of the fermentation tubes 
and then all tubes were placed in a boiling water bath for 
twenty minutes. The digested material was filtered with the 
aid of a water aspirator through acid-washed asbestos into a 
Gooch crucible and washed successively with hot benzene, hot 
alcohol and ether. The crucibles were dried, weighed, ashed 
in a muffle furnace at 600°C. for two hours, cooled and 
weighed. The loss during ignition was cellulose. 
The data were analyzed statistically using analysis of 
variance procedures (Snedecor, 1956) and mean comparisons 
were tested for significance using the method of Duncan (1955)* 
I 
The Effect of Physical Form of the Ration and 
Level of Concentrate on Volatile Patty Acid and 
Ammonia Production by Ruminai Bacteria 
and Protozoa in vitro 
Volatile fatty acid production in faunated lambs has 
been shown to be 16 percent higher than in protozoa-free 
lambs (Christiansen, I963). The presence of protozoa in the 
rumen resulted in a narrowing of the acetate to propionate 
ratio due to the lowering of acetate and an increase in 
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propionate production. This finding has special significance, 
since it has been shown that a mixture of ruminai acids high 
in propionate is a more efficient energy source for the 
ruminant than one high in acetate (Armstrong et al.. 19^ 7)• 
Ruminai ammonia was increased 100 percent in faunated lambs 
as compared to defaunated lambs (Christiansen, I963) .  
In vitro Experiments 5» 6 and 7 
Three experiments were conducted to determine the influ­
ence of physical form of the ration and level of concentrate 
upon volatile fatty acid production by rumen bacteria and 
mixed cultures of bacteria and protozoa. The substrates used 
were the rations fed to lambs in volatile fatty acid Trial 4. 
One hundred milligrams of the finely ground material were 
weighed into a series of 48 fermentation tubes with six tubes 
per substrate. The bacterial inoculum was added to three 
tubes and the mixed bacterial and protozoal inoculum added to 
the other three tubes. The entire experiment was repeated 
twice and all fermentations conducted during a period of one 
week. 
The bacterial inoculum was prepared as described for in 
vitro Experiment 1. The procedure used for separation of pro­
tozoa from ruminai contents has been outlined in separation 
Experiment 3» In this series of experiments the protozoa 
were collected from the steer prior to the morning feeding. 
The ruminai bacteria were collected approximately five hours 
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postprandial. The level of protozoa in the mixed cultures 
was 24 milliliters per liter of medium. 
The length of fermentation was 24» hours, after which the 
tubes were prepared for volatile fatty acid analysis as 
previously described. 
In an effort to explain possible variation between ex­
periments, a count was made of the total washed and settled 
protozoa and of the five genera present in the inoculum. 
After reviewing the literature on this subject, it was evident 
that several types of protozoa counting chambers had been 
used. However, many of them were unsatisfactory for one 
reason or another, Adam (1951) used an ordinary ruled micro­
scopic slide and a Sedgwick-Rafter counting chamber. The 
latter chamber was the method of choice but it was observed 
that the distribution of protozoa was not random if care was 
not taken in the manipulation of the cover glass. This was 
confirmed by Boyne ejt al, (1957). These workers criticized 
the hemocytometer technique as used by Moir and Somers (1956) 
and Williams and Moir (1951) because the depth of the chamber 
would not accommodate the larger protozoa. The diameter of 
ruminai protozoa may be as great as 200 microns and as small 
as 50 microns compared to about seven microns for red or 
white blood cells. The rapid sedimentation of the larger 
ciliates during pipetting also introduced error. Boyne et al. 
(1957) prepared a counting chamber patterned after the Adam 
(1951) cell and the MacMaster Eelworm counting cell which 
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alleviated many of these problems. 
A slide was prepared for use in this study, modeled 
after that of Boyne et. al. (1957). A 1 x 3 inch standard 
glass slide was fixed above a 1.5 x 3 inch glass slide. Two 
supports, made from strips of microscopic slides exactly one 
millimeter in thickness, were glued 20 millimeters apart on 
the larger slide. The upper slide was permanently attached 
to the supports by E-Pox-E adhesive (Woodhill Chemical Com­
pany, Cleveland, Ohio). The adhesive was not affected by 
water or glycerol. Since the upper slide was optically level 
the most critical measurement was the one millimeter thickness 
of the side supports. The space between the slides allowed 
an inflow of the counting solution containing protozoa which 
was held in place by surface tension. 
The counting chamber was used in connection with a com­
pound light microscope equipped with a lOx occular and a 16 
millimeter objective lens, A Whipple disc occular (American 
Public Health Association, 1955) was inserted into the eye­
piece of the microscope. This disc was ruled into 0,1 x 
0,1 millimeter squares. The entire field was composed of 10 
squares wide and 10 squares long making a total area of one 
square millimeter. Since the counting chamber was one milli­
meter in depth, the total area counted when viewing one field, 
using a lOx occular and a l6 millimeter objective, was one 
cubic millimeter which was equal to 0,001 milliliter in 
volume, 
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The procedure used in preparing the settled protozoa for 
counting was to pipette one volume of washed, settled proto­
zoa (thoroughly mixed) into five volumes of 50 percent (v/v) 
glycerol-phosphate buffer solution. The composition of the 
phosphate buffer (Boyne et. ai,, 1957) is presented in Table 8. 
Table 8, Composition of phosphate buffer used in counting 
rumen protozoa^ »" 
Constituent Percent 
NaCl 




B^oyne et (1957). 
T^he pH was adjusted to 6.9-7.2. 
This suspension was allowed to stand I5 minutes to allow the 
protozoa to recover their shape. Then further dilutions were 
made in a series of test tubes containing the glycerol-buffer 
solution. A 1:160 dilution proved satisfactory for counting 
purposes. After thoroughly mixing the final dilution, the 
counting chamber was filled with a pipette having a tip with 







allowed for the protozoa to settle to the bottom of the 
chamber where they were counted. The protozoa in ten fields 
per slide were counted and classified according to five pre­
dominant genera in the rumen. Three slides were prepared and 
counted in each experiment. 
Statistical treatment of the volatile fatty acid data 
was by analysis of variance (Snedecor, 195^ ). 
In vitro Experiment 8 
This experiment was designed to study the rate of 
ammonia production by mixed cultures of rumen bacteria and 
protozoa with a feed substrate. The experimental design was 
a 2 X 2 X 6 factorial arrangement of treatments. The treat­
ments were: two levels of concentrate, (Ration 1 and 5 of 
volatile fatty acid Trial 4), bacteria and bacteria plus pro­
tozoa and six fermentation periods, Tb.e length of fermen­
tation was divided into six periods of 0, 4, 8, 16, 20 and 24 
hours. Two fermentation tubes were used per treatment com­
bination for a total of 48 tubes. 
The bacterial inoculum was prepared as described for in 
vitro Experiment 1, Washed and settled protozoa were ob­
tained as described in separation Experiment 3» 
The basal bacterial medium was divided in two equal 
portions with one portion prepared with bacteria alone and a 
second portion with bacteria plus protozoa. Washed and set­
tled protozoa were added at a level of 24 milliliters per 
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liter of medium. Twenty milliliter aliquots of the respective 
suspensions were distributed to the series of fermentation 
tubes into which had been weighed ICQ milligrams of substrate. 
The tubes were placed in a water bath at 39°CI. with carbon 
dioxide bubbling through the suspension. At the end of each 
incubation period, the tubes were removed from the water bath 
and the fermentation stopped by addition of mercuric chloride. 
The tube contents were strained through eight layers of cheese 
cloth to remove feed particles. The filtrate was collected in 
a 60 milliliter polyethylene screw-cap bottle. The filtrate 
was sufficiently free of undigested feed material to permit 
analysis of ammonia production without further treatment. 
The method of analysis of ammonia production was that of 
Varner et al. (1953) as modified by Rust (I963). The modified 
procedure involved pipetting five milliliters of the fermen­
tation liquid into a 100 milliliter round-bottom flask. A 
drop of phenophthalein indicator and two drops of Tympanol 
(anti-foaming agent) were added together with 20 milliliters 
of water. Addition of 10 milliliters of borate buffer (9^  
grams of sodium tetraborate and six grams of sodium hydroxide 
per liter) brought the flask contents to a pH of about 9.2 
The round-bottom flask was attached to a vacuum distillation 
apparatus suspended in a water bath maintained at 50-55°^ , 
The ammonia was distilled into a 125 milliliter Erlenmeyer 
flask containing 25 milliliters of a two percent solution of 
boric acid and three drops of mixed indicator (0.225 grams of 
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methyl red and 0,083 grams of methylene blue dissolved in 100 
milliliters of 95 percent ethyl alcohol). Approximately 10 
minutes were allowed for complete distillation, after which 
the ammonia was titrated with standardized O.OIN hydrochloric 
acid solution. 
In vitro Experiments 9 and 10 
Two experiments were conducted to determine the effects 
of protozoa on ammonia production by bacterial fermentations 
in a 2 X 2 X 2 factorial arrangement of treatments. The 
treatments consisted of two substrates, a low and a high-con­
centrate meal (Rations 1 and 5 of volatile fatty acid Trial 4); 
two physical forms of the ration, meal and complete pellet; 
and fermentations with bacteria alone and with bacteria plus 
protozoa. Each treatment combination was replicated four 
times in each trial. 
Preparation of the bacterial inoculum and the separation 
of protozoa were as previously described. Washed and settled 
protozoa were added to the bacterial suspension at a level of 
24 milliliters per liter. The length of fermentation was 16 
hours. The analysis of samples for ammonia was as outlined in 
the previous experiment. 
Statistical treatment of the data was by analysis of 
variance according to Snedecor (1956)« 
132 
The Effect of Ruminai Protozoa and Level of Concentrate 
upon Volatile Patty Acid and Ammonia Production 
and Ration Digestibility in Lambs 
The results of the preceeding experiments indicated that 
the addition of protozoa to bacterial fermentations increased 
volatile fatty acid production and altered proportions of the 
individual acids. Protozoal-bacterial cultures produced more 
ammonia than cultures containing bacteria alone. The objec­
tives of this experiment were two-fold. First, to determine 
whether volatile fatty acid and ammonia production would be 
similarly affected in fully-faunated and protozoa-free lambs. 
Second, to relate changes in the type of ruminai fermentation 
to the utilization of nutrients at two levels of concentrate 
feeding. 
The experiment consisted of three phases ; defaunation 
and re-establishment of rumen microorganisms and protozoa, a 
digestibility study and a study involving ruminai pH and vola­
tile fatty acid and ammonia production. 
Defaunation- and re-establishment of the rumen microbial 
populations 
Sixteen cross-bred wether lambs, averaging 56 pounds in 
weight, were used in the experiment. The lambs had been used 
in a forage digestion trial during which they just maintained 
their weight. The lambs were shorn and their ruminai contents 
were examined microscopically for notation of the genera of 
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protozoa present in the rimen. During the period that the 
lambs -were being shorn, good quality alfalfa hay was fed. To 
counteract the toxicity of copper sulfate to be used in de-
faunation, each lamb was given a capsule containing 50 milli­
grams of ammonium molybdate in soybean meal on two different 
days prior to the start of the experiment. All lambs were 
weighed and placed in individual pens in an isolation room. 
Two blocks of eight pens each rwere constructed at each end of 
the room with a central feed storage area separating the 
blocks. The pens were constructed of 1/4 inch solid plywood 
in four foot sections and arranged back-to-back with animal ^ 
access openings facing an alley. Each pen was equipped with 
a water pail and a feed pail which remained at the pen during 
the entire trial. All pens were bedded with wood shavings. 
Feed, but not water, was withheld from the lambs for 
five days prior to giving each lamb 60 milliliters of a two 
percent solution of copper sulfate intraruminally, A second 
copper sulfate treatment was given the following day. Eight 
hours after the second treatment, the lambs were offered 
approximately a pound and one-half of green leafy alfalfa hay. 
The following day the lambs were offered the rations to be 
fed during the experiment. The two experimental rations 
contained a low and a high level of concentrate and were of 
the same composition as the rations used in volatile fatty 
acid Trial 4 (see Table 4). The two rations were assigned, 
in an alternating fashion, to the pens within each block. As 
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a result, four lambs in each "block received the low-concan-
trate ration and four lambs received the high-concentrate 
ration. The lambs fed the low level of concentrate were 
quickly brought to an intake of two pounds of feed per day. 
The lambs fed the high-concentrate ration were started at a 
level of 50 percent concentrate which was gradually increased 
to 80 percent. To counteract copper toxicity, ammonium 
molybdate was mixed with soybean oil meal and top-dressed to 
the ration. The lambs were fed approximately 100 milligrams 
of molybdenum, as ammonium molybdate, per lamb daily for 
about a month after copper sulfate treatment. During the 
first week following copper sulfate treatment, some lambs 
were consuming less than two pounds of feed daily. This 
erratic feed consumption appeared to be due to a change in 
the microbial population in the rumen. To alleviate this 
problem, all lambs were inoculated intraruminally with 25 
milliliters of a concentrated bacterial suspension. In 
addition, one block of eight lambs was inoculated with 10 
milliliters of a concentrated, washed and mixed protozoa 
suspension. At this time, â large tarpaulin was suspended 
from the ceiling in the isolation room between the lambs 
harboring protozoa and those which were protozoa-free. En­
trances to the feed alleys were closed off by solid plyboard 
gates. 
The bacterial and protozoal inocula were prepared using 
rumen fluid from a fistulated steer fed a ration as previous­
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ly described (separation Experiment 3)» Two liters of whole 
rumen fluid were collected by squeezing the ingesta, taken 
from the dorsal sac of the rumen, through four layers of 
cheese cloth. About five pounds of the pulp were suspended 
in three liters of phosphate buffer and the liquid squeezed 
through four layers of cheese cloth and combined with the 
I 
two liters of rumen fluid to make a total of five liters. 
This was centrifuged in a Serval Large Angle Centrifuge Type-
G at 2,000 r.p.m. for two minutes. The supernatant was 
aspirated from the sediment, being careful to avoid clumps 
of material floating on the surface. The aspirated fluid 
with a volume of about two liters, was passed through a 
Sharpies centrifuge at 25,000 r.p,m. The bacterial cells 
were suspended in 500 milliliters of warmed saline (0,85 
percent sodium chloride). The suspension was filtered 
through a circle of Whatman No. 4-1 filter paper (open tex­
tured; pore size, 3»^  to 5*0 microns) placed above a circular 
piece of 80-mesh stainless steel wire in a Buchner funnel. 
The suspension was filtered three times in this manner with 
all equipment being washed in hot soapy water and rinsed with 
distilled water between filtrations. The bacterial suspen­
sion was kept in a water bath between filtrations with carbon 
dioxide bubbling through the suspension. Several screw-cap 
test tubes, containing thioglycollate agar were inoculated 
with the suspension and incubated at 39°C. in the water bath. 
The filtrate was observed under a microscope for presence or 
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absence of ciliate protozoa. The protozoal inoculum was pre­
pared from five liters of rumen fluid using the procedures 
described for separation Experiment 3» A final volume of 
washed and settled protozoa of 65 milliliters was diluted to 
100 milliliters of wash solution. 
Ruminai fluids from all lambs were examined microscopi­
cally during the progress of the experiment. 
The digestion study 
Seventeen days after inoculation (28 days after copper 
sulfate treatment), each lamb was equipped with a harness and 
a canvass collection bag. An additional seven days were 
allowed for the lambs to become accustomed to the fecal 
collection equipment. All lambs were fed two pounds of their 
respective ration daily. The percentage dry matter, ash, 
cellulose and nitrogen, respectively for the low-concentrate 
ration was 90.5» 6.5, 28.4 and 2.2 and 9I.I, 4.0, 10,3 and 
2.5 for the high-concentrate ration. The energy content of 
the low and high-concentrate rations were 3-9 azid 4.0 kilo-
calories per gram, respectively. 
Fecal collections were made twice daily, dried in a 
forced-air oven at 75°C. for 36 hours and stored for analysis. 
The total seven-day collection was allowed to equilibrate to 
an air-dry weight. The feces were then mixed and a represen­
tative sample was ground through a one millimeter screen in 
a Wiley mill for laboratory analysis. 
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Organic matter and dry matter analysis for the determin­
ation of digestion coefficients were determined by methods 
described by A.O.A.C, (I96O), Nitrogen determinations for 
calculations of digestibility were made by the Kjeldahl 
method. Cellulose was determined by the method of Crampton 
and Maynard (I938). Digestion coefficients for gross energy 
were calculated from values obtained with a Parr oxygen bomb 
calorimeter. 
The data were analyzed using the analysis of variance 
procedures of Snedecor (1956)* 
Volatile fatty acid production 
Three days after the last fecal collection (3^  days after 
inoculation), rumen fluid samples were collected from the 
lambs. The procedure was to obtain rumen samples from four 
faunated lambs and four defaunated lambs per sampling day and 
to sample on two different days. The procedure was repeated 
with the remaining four lambs in each group. Each lamb, on 
a given sampling day, was sampled at 0, 2, 4, 6 and 8 hours 
after the morning feeding. Twenty milliliters of rumen fluid 
were collected by means of a syringe-suction strainer appara­
tus and the pH of the rumen fluid immediately determined. 
Fermentation was then stopped by addition of mercuric chloride. 
The fluid was centrifuged and an aliquot treated with meta-
phosphoric acid and refrigerated. 
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Ammonia production 
An aliquot of the sample prepared for volatile fatty 
acid analysis was taken for ammonia analysis following cen-
trlfugatlon of the precipitated protein. Ammonia concentra­
tion was determined as previously described except that the 
rumen fluid was brought to a pH of seven by the dropwise ad­
dition of a ^ 0 percent solution of sodium hydroxide. An 
aliquot of the supernatant was taken for volatile fatty acid 
analysis and diluted to 50 milliliters. Total volatile fatty 
acids and the proportions of acids were determined as pre­
viously described. 
Statistical treatment of the volatile fatty acid and 
ammonia data was by analysis of variance using the method of 
unweighted means according to Snedecor ( I956) .  
Bacteria and protozoa observations 
Protozoal counts were made on six of the faunated lambs 
remaining in the experiment; four lambs on the low-concen­
trate ration and two lambs on the high-concentrate ration. 
Two faunated lambs died from unknown causes after the vola­
tile fatty acid and ammonia studies were completed. The 
procedure here was to collect 25 milliliters of rumen fluid 
which were filtered through an 80-mesh stainless steel sieve 
into a 100 milliliter centrifuge tube. The feed particles 
retained in the syringe and on the sieve and funnel were 
rinsed into the tube with wash solution and the volume was 
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made up to 75 milliliters. One volume of the thoroughly 
mixed suspension was pipetted into one volume of a glycerol-
phosphate buffer solution (50 percent glycerol, v/v). Fur­
ther dilutions were employed to obtain optimal concentrations 
of protozoa for counting, A dilution of 1:96 was usually 
satisfactory; however, this was dependent upon the concentra­
tion of protozoa. Counting procedures were those described 
for in vitro Experiments 5, 6 and 7. 
During the course of this experiment there was a marked 
increase in flagellated protozoa and some species of rumen 
bacteria. Rumen fluid from a faunated and a defaunated lamb 
fed each level of concentrate was examined under a phase-
contrast microscope with 400x magnification. Fresh mounts 
and Gram stained preparations were observed. The flagellate 
protozoa were classified according to descriptions by Becker 
and Talbot (1927), The large bacteria were classified accord­
ing to the scheme of Moir and Masson (1952). Photographs 
were made of fresh mounts using a phase contrast microscope 
with 800x magnification. 
Performance of faunated and protozoa-free lambs 
Average daily gains and feed consumption were calculated 
for the faunated and defaunated lambs during the 66-day ex­
periment, Data for three lambs, which were fed the high-
concentrate ration, were not included; one defaunated lamb 
developed severe indigestion after the digestion study and 
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two faunated lambs died at the completion of the volatile 
fatty acid and ammonia study. The gain data were based on 
filled body weight taken previous to starvation and at the 
end of the experiment. Feed consumption data were based on 
the feed consumed following the starvation period. 
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RESULTS 
The Effect of Physical Form of the Ration and 
Level of Concentrate upon Riminal pH and 
Volatile Patty Acid Concentrations in Lambs 
Volatile fatty acid Trial 1 
The results of this study are shown in Table 9« The 
statistical analyses of these data appear in the appendix. 
Feed consumption and average daily gain varied with treatment. 
They were not analyzed statistically because of the limited 
number of animals for evaluating feed consumption and gain 
data. The feed consumption values shown in the table were 
computed on an as-fed basis. However, Ration 2, which was 
heated and dried in an oven, contained about 94 percent dry 
matter while the other rations contained about 88 percent. 
The acetate to propionate ratio was narrowed by heating or by 
the addition of whey and lactose to the ration. This was due 
to the lowering of acetate levels and raising of propionate 
levels. The addition of glucose (Ration 4) did not alter the 
fatty acid pattern as compared with the ground-mixed ration 
(Ration 1). The high molar percentages of the other acids 
(valeric and branched-chain acids) for the heated ration 
dried at room temperature and for the whey and lactose 
rations was due to the increased level of valerate; however, 
these differences were not statistically significant. 
Table 9« Effects of heating and addition of glucose, whey and lactose to lamb 
rations on ruminai pH and volatile fatty acid production^  







C2 G3 C4 Other 
acids® 
1 ,  Ground-mixed 0 . 2 8  2 .66  6.5 70.3 2 . 1 6  54.9 27.3 15.3 2 .5  
2 .  Ration 1 + moist 
heat-oven dried^  0.36 2.37 6.5 64.6 1.95 53.5 29.0 15.7 1 .8  
3. Ration 1 + moist 
heat-air dried® 0 . 2 9  2.33 6 , 6  6 0 . 8  1.77 51.9 29.9 14.9 3.3 
4, Ration 1 + 7^  
glucose 0.32 2 .36  6.5 6 6 . 0  2 .19  53.5 26 .3  1 7 . 8  2.4 
5. Ration 1+10^  whey 0.33 2.22 6 , 5  67 .3  1.57 46, 5  34.0 15.2 4.3 
6, Ration 1+7^  
lactose 0 . 2 8  2.37 6.5 69 .0  1.77 48.0 30.0 18.2 3.8 
&Daily gain and feed consumption values are based on the mean of three lambs. 
Values for all other measurements are based on the mean of six observations. 
A^ll rations contained 6 7  percent concentrate and 3 3  percent roughage, 
°Includes iso-butyric, isomers of valeric and valeric acid, 
W^ater added at 40 percent level, heated for six hours at 100°C, and dried at 
same temperature, 
®Same as d except the material was dried at room temperature. 
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Volatile fatty acid Trial 2 
Average daily gains and feed consumption were increased 
(P<0.01) by pelleting the roughage or by the addition of 
concentrates to the ration as shown in Table 10, Statistical 
analyses of the data for this trial appear in the appendix. 
The feeding of concentrates reduced (P<0.01) the pH and the 
concentration of volatile fatty acids of the rumen contents. 
The fatty acid level was higher (P<0,05) for the 1/4 inch 
ground hay as compared with the 1/2 inch ground hay (Ration 
5 versus 1). The grind x physical form interaction was sig­
nificant (P<0,05) for volatile fatty acid production. This 
was due to an increase in fatty acid level when the 1/2 inch 
ground hay (Ration 3) was pelleted but the acid level de­
creased when the 1/4 inch ground hay (Ration 7) was pelleted. 
The addition of concentrates to the ration narrowed 
(P<0.01) the acetate to propionate ratio. This was the 
result of a decrease in the level of acetate and an increase 
in the level of propionate. These changes were significant 
(P<0.01). Concentrate feeding increased (P<0.01) the level 
of butyrate in the rumen contents. 
Differences in the proportions of ruminai acids resulting 
from grinding or pelleting of the all-hay rations were small 
and not significant. However, pelleting the hay and feeding 
it in association with concentrates tended to reduce (P<0.10) 
the level of acetate. 
The grind x concentrate interaction was significant 
Table 10. Effect of physical form and level of concentrate on ruminai pH and vola­
tile fatty acid production in lambs®-
Ration^  Pounds Pounds pH uM Cp/ Molar -percentage 
daily daily V.P.A. Go Og Co iCjij, iC. 0. 
gain feed per ' 
ml. 
1. All-hay, *" grind 0.03 2.35 6.8 82.4 2.93 67.3 23.2 0.9 7.5 0.3 0.8 
2. Hay grind and 
concentrates 0 . 3 6  2.57 6 . 5  7 0.I 2.13 57.2 27.4 0.4 I 3 . 8  0 . 6  0 . 6  
3 .  All-hay, *" grind, ,  ^  ^ , 
pelleted O. 3 6  3 . 2 3  6 . 7  94.6 3 .11 6 7 . 0  21.7 0.4 9.4 0.0 I. 5  
4. Hay grind, pel­
leted + concentra­
tes 0.38 2 . 4 7  6 . 5  74.0 1.79 52.6 3 0 . 5  0 . 2  15.1 0 . 1  1 . 5  
5. All-hay, i" grind 0.01 2.10 6 . 7  97.4 3 .10 68.4 22. 6  0.7 7.0 O. 3  1.0 
6. Hay 4" grind + 
concentrates 0.21 2.12 6.4 84.4 1.64 52.1 32.9 0.5 12.8 0.3 1.4 
®-Dally gain and feed consumption values are based on the mean of three lambs. 
Values for all other measurements are based on the mean of six observations. 
R^ation 3» 4, 7  and 8 contained alfalfa hay made into 1/4 inch pellets. 
Rations 2, 4, 6 and 8 contained 67 percent concentrates and 33 percent roughage. 
Table 10 (Continued) 








G3 2^ C3 1^4, 10^  C3 
7. All hay, grind 
pelleted 0.30 3.24 6.7 96.5 3.08 6 6 . 1  2 1 . 8  0 . 4  1 0 . 3  0 . 1  1 . 3  
8 .  Hay i" grind, pel­
leted + Concen­
trates 0 . 3 1  2 . 2 6  6 . 5  73.0 1.52 49.8 33.2 0 . 1  1 5 . 2  0 . 1  1.6 
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(P<0.10) for the acetate to propionate ratio. This was due 
to the narrower ratio that was produced "by the addition of 
concentrates to the rations containing 1/4 inch ground hay 
(Rations 6 and 8) as compared with the ratio obtained when 
concentrates were fed in association with 1/2 inch ground hay 
(Rations 2 and 4), The narrowed ratio was the result of an 
increase (P<0.10) in propionate production. 
Volatile fatty acid Trial 3 
The results of this study are given in Table 11, Sta­
tistical analyses of these data, using orthogonal sets of 
comparisons, appear in the appendix. The gains and feed con­
sumption of lambs fed the all-roughage ration paralleled 
those obtained in the previous trial. Daily gains increased 
as the proportion of concentrate was Increased, except with 
lambs fed the pelleted 6o percent concentrate (Ration 8), In 
this case, the lambs gained less than those fed Ration 7 but 
gained more than lambs fed the other rations. Gains were 
highest for lambs fed the 40 percent concentrate ration 
(Ration 7), 
The feeding of 4o or 60 percent concentrates (Rations 3» 
4, 7 and 8) lowered (P<0,05) the pH of ruminai contents as 
compared to rations containing lesser amounts of concentrate. 
Volatile fatty acid production was increased (P<0,05) by 
pelleting the all-roughage ration (Ration 5), 
The acetate to propionate ratio was reduced (P<0.05) by 
Table 11, Effect of pelleting and level of concentrate on rtmlnal pH and volatile 
fatty acid production In lambs^  
Ration Pounds Pounds pH uM Co/ Molar percentage 
dally dally V.P.A. O2 Co IG/^  Ci|, iGe Cf 
gain feed per 
ml. 
Ground-mixed (Roughage to concentrate ratio) 
1 .  1 0 0 : 0  0 . 1 5  2 . 6 3  6 . 6  8 5 . 5  3.36 69 .5  20.9 0.4 8.3 0 . 1  0.8 
2 .  8 0 : 2 0  0 . 2 5  3 . 4 0  6 . 7  7 8 . 1  2 . 6 4  6 1 . 6  24.1 0.9 10.7 1 . 1  1 . 6  
3. 60:40 0.34 3 . 0 6  6 . 5  7 8 . 9  2 . 6 0  61 .7  24.0 0 . 6  12 .6  0.4 0.7 
4. 40:60 0.43 3 . 3 3  6 .2  81 . 1  2 . 7 0  5 6 . 0  2 2 . 1  0 . 8  1 8 . 8  0 . 8  1.5 
Ground and pelleted (Roughage to concentrate ratio) 
5 .  1 0 0 : 0  0.30 3.29 6 .5  97.3 3.04 66 .2  2 2 . 1  0 . 5  9.0 0.3 1.9 
6 .  8 0 : 2 0  0.47 3.70 6 . 5  8 0 . 1  2 . 6 2  6 1 . 2  24.8 0 . 6  11.0 0.3 2.1 
7 .  6 0:40 0.^ 5 3 . 6 9  6.4 86.7 2 . 6 6  61.4 23.4 0.4 13.3 0 . 3  1.2 
8 .  40;60 0 . 4 9  3 . 0 3  6 . 2  76,1 1 . 5 6  51.8 33.7 0.5 11.9 0.4 1.7 
•^Dally gain and feed consumption values are based on the mean of three lambs. 
Values for all other measurements are based on the mean of nine observations. 
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the addition of concentrates to the ration. The ratio was 
narrowed to a greater extent by the addition of 6o percent 
concentrate to the pelleted ration (Ration 8) than with the 
non-pelleted ration (Ration 4). The addition of 20 percent 
or more concentrates to the ration decreased (P<0,01) the 
level of acetate and increased (P<0.01) the level of "buty-
rate. Propionate production was relatively constant among 
the rations except Ration 8 and then the level was markedly 
increased (P<0.01). Pelleting the ration containing 60 per­
cent concentrate (Ration 8) produced the narrowest acetate to 
propionate ratio as compared with all other levels of con­
centrate studied. Branched-chain acid production was higher 
(P<0,05) for non-pelleted rations containing concentrates 
than similar rations which were pelleted. 
The interaction between level of concentrate and physi­
cal form of the ration was significant (P<0.01) for acetate 
and propionate production. Increasing the level of concen­
trate from 40 percent (Ration 7) to 6o percent (Ration 8), in 
pelleted rations, narrowed the ratio; however, with similar 
levels of concentrate, in non-pelleted rations, the ratio was 
widened (Rations 3 versus 4). 
Volatile fatty acid Trial 4 
The results of this experiment are presented in Table 
12. Statistical analyses of the data, using orthogonal sets 
of comparisons, appear in the appendix. The performance of 
Table 12. Effect of pelleting part or all of a low and hlgh-oonoentrate ration on 
ruminai pH and volatile fatty acid production in lambs^  
Ration Pounds Pounds pH uM Cg/ Molar nercentaee 
daily daily V.P.A. C3 2^ C3 IC4 O4 C5 gain feed per ml. 
Low concentrate (80# roughage--20% concentrate) 
1 .  Meal 0 . 1 6  2.73 6.7 77.6 , 2.71 63.5 23.4 1.0 1 0 . 1  0.9 1 . 1  
2 .  Complete pellet 0.33 3.33 6.5 80.7 2.72 62 .2  22.9 0 . 5  12.9 0.4 1 . 1  
3.  Roughage pelleted 0 . 3 0  3 . 1 4  6.4 9 1 . 2  3.11 63.7 20.4 0.7 13 .3  0 . 3  1 . 6  
4. Concentrate 
pelleted 0 . 3 0  3.21 6 . 7  75.4 2.59 63 .2  24.5 1 . 0  9 . 4  1 . 1  0 . 8  
High concentrate (20$ roughage- 8 0 #  concentrate) 
5.  Meal 0.37 2.57 6 .3  64.3 1.04 43.9 42.3 0.6 9.6 0 . 8  2.8 
6 •  Complete pellet 0.33 2 . 4 1  5 . 8  7 0 . 2  0 . 9 8  39.5 40.3 0 . 3  15.4 0 .3  4.2 
7 .  Roughage pelleted 0.44 2.86 6.2 74.5 0.97 42.5 43 .6  0 . 5  8.8 0.4 4.2 
8 .  Concentrate 
pelleted 0 . 2 9  2.21 5.9 67.2 0.75 36.3 48.6 0.4 11.1 0.2 3.4 
D^aily gain and feed consumption values are based on the mean of three lambs. 
Values for all other measurements are based on the mean of nine observations. 
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lambs fed. a non-pelleted or pelleted ration containing 20 
percent concentrate did not equal that observed with similar 
rations used in the previous trial. Increasing the level of 
concentrate to 80 percent also resulted in lower gains and 
feed consumption as compared to the 6o percent ration used in 
Trial 3 .  
The influence of high-level concentrate feeding on the 
rumen fermentation was essentially the same as that observed 
in earlier studies. The pH and volatile fatty acid concen­
tration of the rumen contents were markedly reduced and the 
acetate to propionate ratio was narrowed. In this study, 
pelleting the complete ration containing 20 or 80 percent 
concentrate (Rations 2 and 5» respectively) did not signifi­
cantly alter the ratio. 
The use of orthogonal sets of comparisons permitted the 
evaluation of means for the different pelleting treatments 
within each level of concentrate. The major differences 
between treatment means are indicated in the following dis­
cussion. The complete statistical analyses are presented in 
the appendix, Table 3 3 .  
With the lower level of concentrate feeding, the total 
concentration of volatile fatty acids was higher (P<0.05) 
in the rumens of lambs fed the ration in which the roughage 
portion was pelleted (Ration 3) as compared with the other 
rations. The acetate to propionate ratio was widened by 
pelleting the roughage portion, while pelleting the concen­
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trate portion (Ration 4) narrowed the ratio as compared to 
Rations 1 and 2. Physical form of the ration did not influ­
ence the molar percentage of acetate, propionate and valerate. 
However, the level of butyrate was lower (P<0.05) when the 
concentrate portion of the ration was pelleted as compared to 
when the roughage portion was pelleted. 
With the higher level of concentrate, pelleting the com­
plete ration (Ration 6) or the concentrate portion of the 
ration (Ration 8) lowered (P<0.01) the pH of the rumen con­
tents as compared with the other rations. Pelleting the 
roughage portion (Ration 7) increased (P<0.05) the fatty 
acid concentration as compared with the non-pelleted ration 
(Ration 5)» Pelleting the complete ration (Ration 6) or the 
concentrate portion (Ration 8) lowered the level of acetate 
as compared with the other two rations. Pelleting the con­
centrate portion of the ration increased (P<0,05) propionate 
production as compared with the complete pelleted ration. 
The level of butyrate was higher (P<0.01) for the complete 
pelleted ration and for the ration in which the concentrate 
portion was pelleted than for the other rations. Valerate 
level was lower (P<0.01) for the non-pelleted ration as 
compared with the pelleted rations. 
During this study feed refusals were collected, weighed 
and analyzed for nitrogen content. These data are presented 
in Table I3. Feed refused, expressed as a percentage of feed 
offered for consumption, was markedly lower for the lambs fed 
152 
Table 13, Quantity and protein content of feed refused by-
lambs in volatile fatty acid Trial 4 
Ration Physical Percent feed Percent re­
form refused of fused pro-
feed fed^  tein of ra­
tion pro­
tein 
Low concentrate (80^  
roughage-20^  concen­
trate ) 
Meal 1.23 l4l 
Complete pellet 0.30 102 
Roughage pelleted 0.80 100 
Concentrate 
pelleted 0.36 126 
High concentrate (20# 
roughage-80^  concen­
trate ) 
Meal 3.14 119 
Complete pellet 1 . 7 1  96 
Roughage pelleted 1.45 112 
Concentrate 
pelleted 1.37 125 
V^alues based on the total feed and feed refused by 
three lambs. 
V^alues based on duplicate nitrogen determinations of 
the feed and feed refused. 
the pelleted rations than for lambs fed the rations in the 
meal form. This benefit of pelleting ruminant rations has 
been reported by a number of workers. The high-concentrate 
ration tended to be less acceptable to the lambs than the 
low-concentrate ration. The protein content of feed refusals, 
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expressed as a percentage of that in the ration, provides 
some indication of the chemical nature of the refusals. In 
the case of the low-concentrate ration, the higher protein 
values for the meal ration and for the ration in which the 
concentrate was pelleted indicated that the refusals consisted 
of the highly proteinaceous parts of the roughage. This was 
born out by inspection of the refused material. The refusals 
of lambs fed the high-concentrate rations contained 
fine material which consisted of com and soybean oil meal. 
The refusals of the lambs fed the pelleted concentrate con­
tained a few whole pellets but only trace amounts of roughage. 
This was reflected in the higher protein concentration ob­
served in these refusals. Apparently the lambs, in sorting 
out the roughage particles, tended to crush the concentrate 
pellets; however, this tendency was not observed in the lambs 
receiving the completely pelleted ration at either level of 
concentrate feeding. 
At the completion of the trial, the animals were 
slaughtered and the rumens removed for the purpose of making 
gross observations of rumen epithelia. The rumen epithelia 
of lambs fed the low-concentrate ration were pale yellow to 
tan in color (flesh colored) while those of lambs fed the 
high-concentrate ration were medium to dark brown. One lamb 
of this group had epithelia which were a lighter shade of 
brown but much darker than those observed in the rumens of 
lambs fed the low concentrate. There was no apparent color 
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difference which could "be ascribed to physical forms of the 
ration. 
Papillae in the anterior ventral sac of the nmens of 
lambs fed the low level of concentrate were short to medium 
and slightly pigmented. In contrast, papillae in the rumens 
of lambs fed the high-concentrate ration were longer, moder­
ately to highly pigmented and more.dense and coarse-textured. 
There was no observable difference in papillae between the 
different physical forms of the ration. Matting or clumping 
of papillae was not observed nor was there any evidence of 
ruminai parakeratosis in these lambs. 
Volatile fatty acid Trial S 
The results of Trial 2 indicated that fine grinding of 
the roughage increased the concentration of volatile fatty 
acids in ruminai contents. Pelleting the 1/2 inch ground hay 
had a similar effect; however, pelleting the 1/4 inch ground 
hay did not alter the level of fatty acids produced in the 
'rumen. These findings suggested that the change in rumen 
fermentation might have been the result of changes in parti­
cle size of the roughage. 
In this trial, lambs were fed good quality alfalfa hay 
in four physical forms : long, ground, pellets and re-ground 
pellets. Average daily feed consumption during a 7-day 
period was 2.49, 2.60, 3«49 and 2,93 pounds, respectively. 
The percentage of protein and cellulose, respectively, in the 
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hay forms were : long, 16.4 and 38.7; ground, 15.9 and 35*2; 
pellets, 16.1 and 3^ .7 and re-ground pellets 13.9 and 33.5 
(Adame, I 9 6 3 ) .  
The effect of physical form of the hay on ruminai pH and 
volatile fatty acid production is shorn in Table 14. Statis­
tical analyses of the data appear in the appendix. The mean 
of four volatile fatty acid measurements taken 2, 4, 6 and 8 
hours after feeding was used in evaluating the effect of 
physical form. It is evident from examination of the data, 
that total acid production varied considerably for each form 
of hay and with time after feeding. Long hay produced the 
highest average concentration of volatile fatty acids of the 
forms studied. Pelleting the hay increased total acid pro­
duction as compared with ground or re-ground pelleted hay. 
These differences were not significant (PC0.05). 
The acetate to propionate ratio was narrower (P<0.05) 
for the long hay as compared with the other forms. This was 
due to a lowering of the acetate level and a raising (P<0.05) 
of the propionate level. Pelleting the hay narrowed the 
ratio only slightly as compared with ground hay. 
The rate of volatile fatty acid production was initially 
higher for the hay fed in the long form as compared with the 
other forms. Acid production diminished with time after 
feeding for all hays but at a somewhat faster rate with ground 
hay. 
The pattern of ruminai pH and volatile fatty acid pro-
















2  6, 6 8  1 1 5 . 3  2.13 59.4 27.9 9 .1  
4 6. 6 6  1 0 1 . 6  2 .38  59.6 25 .2  1 1 . 1  
6  6. 9 6  85 .8  2.73 6 0 . 6  22 .3  13.4 
8  7,14 74.4 2 .87  6 2 . 0  21.7 11.9 
Av. 0. 8 6  94.3 2.53 6 0 . 4  24.3 11.4 
2  6 . 6 8  97.0 2.79 62 .0  22.4 11.4 
4 6 . 8 0  87.3 3 .08  63 .8  2 0 . 9  1 1 . 7  
6  6. 9 6  7 0 . 2  3.42 64.9 19.0 11.7 
8  7 . 1 0  54.7 3.56 65.3 18.4 11.1 
Av. 6 .88  77.3 3 .21  64.0 20.2 11,4 
2  6.59 102.0 2.44 6 1 . 5  2 5 . 4  10 .6  
4 6 .69  89.9 3 .00  65 .0  21 .9  10.2 
6  6. 7 6  79.2 3.12 65.3 21.1 10.6 




. 2  
.4 
2.5 
2 .9  
3.0 
®'Each value is based on the mean of four measurements, 
I^ncludes iso-butyric, isomers of valeric and valeric acid. 
















8 7.01 64.0 3 .28  66.2 20 .2  9.5 4.1 
Av. 6 .76  84.0 2 .96  64.5 22 .2  10.2 3.1 
Reground pellets 
2 6.75 93.8 2.64 6 1 . 6  23.7 10.6 4.1 
4 6.84 80.4 2.90 63 .2  22 .0  1 1 . 3  3.5 
6 6.94 66.4 3.12 64.4 20 .9  1 0 . 3  4.4 
8 7.08 57.4 3.42 6 6 . 9  19.8 8.4 4.9 
Av. 6 .90  74.5 3 .02  64.0 21.6 10.2 4.2 
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ductIon with time after feeding was similar for all forms of 
hay. Ruminai pH increased (P^ O.Ol) while the total concen­
tration of acids (P^ O.Ol) and level of propionate (P<0.05) 
decreased with time. The acetate to propionate ratio widened 
(P<0.05) with time after feeding. The ratio was widest at 
eight hours, due to the high level of acetate relative to the 
level of propionate. Butyrate level remained rather constant 
with time while the other acids (iso-butyric, isomers of 
valeric and valeric acid) were variable. 
Chemical Changes Due to Ration Preparation 
as Reflected by Soluble Nitrogen and Volatile Fatty 
Acid Production by Ruminai Bacteria in vitro 
Certain chemical changes have been associated with 
the heating or pelleting of natural feedstuffs. It is well 
recognized that proteins may be denatured by the action of 
heat and pressure, as well as by a number of chemical re­
agents, A protein in the denatured state is characterized by 
having chemical, physical and biological properties distinctly 
different from the native form. Among these is a marked de­
crease in solubility. The heat-treatment of hay (Hintz e^  
al., 1962) or the steaming of corn and sorghum grains 
(Hastings and Miller, I96I) markedly lowered the percentage 
of soluble nitrogen. 
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Soluble nitrogen determinations 
The rations used in volatile fatty acid Trials 4 and 5 
were analyzed for total and soluble nitrogen content. The 
nitrogen analyses of the low and high-concentrate rations, in 
which part or all of the ration was pelleted, are shown in 
Table I5. Both rations were formulated to contain about 2.25 
percent total nitrogen; however, the values obtained from 
chemical analysis were slightly higher than this. Pelleting 
the entire ration or portions of these rations had no effect 
on total nitrogen. Soluble nitrogen was higher for the 80 
percent concentrate ration than for the 20 percent concentrate 
ration. This was presumably due to the kind of protein 
supplied by the constituents of the ration. 
Pelleting did not greatly affect the percentage of 
soluble nitrogen in the low-concentrate ration. However, 
when soluble nitrogen was expressed as a percentage of total 
nitrogen, pelleting the complete ration tended to increase 
soluble nitrogen while pelleting the concentrate portion 
lowered it. With the high-concentrate ration, the soluble 
nitrogen tended to be higher for the pelleted rations than 
for the meal ration. 
Nitrogen analyses of long, ground, pelleted and re-ground 
pelleted alfalfa hay are presented in Table 16. The nitrogen 
composition of the long, ground and pelleted hay was similar. 
However, that of re-ground pelleted hay was somewhat lower, 
presumably due to an error in sampling. The differences in 
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Table 15• Percentage of total and soluble nitrogen in rations 
used in volatile fatty acid Trial 4 
Ration Physical Percent Percent Percent 
form total soluble soluble of 
nitrogens- nitrogen®- total 
nitrogen 
Low concentrate {80% roughage-20^  concentrate) 
Meal 2.4? 1.01 40.9 
Complete pellet 2.43 1.08 44.4 
Roughage 
0.94 40.3 pelleted 2.33 
Concentrate 
pelleted 2.49 0.95 38.2 
High concentrate {20% roughage-80.^  concentrate) 
Meal 2.26 1.37 6o.6 
Complete pellet 2.31 1.55 67.1 
Roughage 
1.43 62 .2  pelleted 2.30 
Concentrate 
pelleted 2.31 1.59 68 .8  
-^Values based on the mean of duplicate determinations. 
soluble nitrogen between the forms of hay was small. Soluble 
nitrogen, expressed as a percentage of the total nitrogen, 
tended to be higher for pelleted or re-ground pelleted hay 
than for long or ground hay. The higher value for the re-
ground pelleted hay is due to lower total nitrogen rather 
than increased soluble nitrogen. 
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Table 16, Percentage of total and soluble nitrogen in alfal­













Long 2 .62  0,92 35.1, 
Ground 2.55 0.94 36.9 
Pellets 2.56 1,04 '40,6 
Re-ground pellets 
2 .22  1,03 46,4 
®Values based on the mean of duplicate determinations. 
In vitro Experiments 1 and 2 
It has long been known that starch granules, when boiled 
with water, swell and form a paste. Recent evidence indi­
cates that heating or pelleting will bring about the solu-
blization of the starchy portions of grain (Hastings and 
Miller, I96I), On the other hand, steam treatment alone, 
lowers the proportion of soluble starch. This suggested that 
the pelleting process may bring about a change in the starch 
thus making it more available to the rumen microorganisms. 
Studies were, therefore, initiated to determine the extent 
of chemical changes brought about by the pelleting of feeds 
using volatile fatty acid production by the rumen bacteria 
in vitro as the criterion. 
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Preparatory to these determinations, the present experi­
ments were conducted to determine if the rumen bacteria could 
distinguish between two widely different feeds iji vitro. The 
rumen bacteria proved to be quite capable of differentiating 
between the alfalfa hay substrate and a hay-grain substrate, 
as indicated by their volatile fatty acid production. The 
data from two experiments were combined and are presented in 
Table 17» Statistical analyses of the data appear in the 
appendix. 
Highly significant (P<0.01) differences were found be­
tween the hay and the hay-grain substrates for all fatty acid 
measurements except butyrate and higher-acid production. 
Total volatile fatty acid production was twice as great for 
the hay-grain mixture as for the hay alone. The acetate to 
propionate ratio was narrower for the hay-grain mixture as a 
result of reduced acetate and increased propionate production. 
Differences between incubation periods were significant 
(P<0.01) for total acid production, the levels of acetate 
and propionate, and for the acetate to propionate ratio. 
Obviously, this was the result of rapid changes which occurred 
during the incubation period. 
The statistical significance of mean comparisons is 
presented in îfeble 1?. It is evident, that there were marked 
differences between the two substrates in the rate of fermen-
Table 17. Rate of volatile fatty aold production by ruminai bacteria with high 
roughage and high-concentrate substrates in vltro 






ml. a  
Statistical 
significance C2/C3* 
Alfalfa hay 0 3.9 g 9.77 a 
4 6 . 3  f g 3.58 b 
8 8.0 f 3.69 b 
12 13.3 e 3.46 b 
16 16.7 d 3.14 b 
20 19.8 c 3.01 b 
24 19.8 c 3 .26  b 
Av. 12.5 4.27 
20% roughage -80% concentrate 
0 4.0 g 5.55 a 
4 11.3 e 3 .27  b 
8 17.4 c d 1.89 b 
12 23.0 1.65 b 
16 28.3 b 1.38 b 
20 30.1 a b 1.48 b 
24 30.7 a 1.38 b 
Av, 24.1 2.37 
Statistical 
significance^  
E^ach value represents the average of five measurements. 
T^hose means within a column followed by the same letter do not differ signi­
ficantly. All others differ significantly (P <0.01). 
Table I7 (Continued) 
Substrate Hours of Molar Statistical 
inou- per- significance° 
bation cent^  
2^ 
Alfalfa hay 0 86.7 
4 69*6 c d 
8 70.7 b c 
12 73.3 a b 
16 71.1 b c 
20 69.3 c d 




4 73.9 a 
8 61 .3  e 
12  58.7 e 
16  51.9 f 
20  52.9 f 











22 .9  
23 .4  
21 .6  
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Table I7 (Continued) 
Substrate Hours of Molar Statistical Molar Statistical 
incu- per- significance" percent^  significance" 
bation cent^  Other 
0^  acids® 
Alfalfa hay 0 4.1 b c d e 1.6 b c 
4 5.7 a b 3.5 a b 
8 5.2 a d 4.7 a 
12 4.2 b c d e 0.9 b c 
16 .^5 b c d e 1.5 b c 
20 5.3 a c 2.0 b c 
24 5.3 a c 2.2 a c 
Av. 4.9 2.3 -
20^  roughage-80^  concentrate 
0 3.0 b c d e 0.3 c 
4 2.6 c d e 0.3 c 
8 4.8 a e 0.9 b c 
12 4.6 b c d e 1.0 b c 
16 7.5 a 2.3 a c 
20 7.5 a 3.0 a c 
24 7.5 a 4.7 a 
Av. 5.3 1.8 
I^ncludes iso-butyric, isomers of valeric and valeric acids. 
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tation. Volatile fatty acid production for the hay substrate 
increased with time, reaching a peak at 20 hours of incuba­
tion. In contrast, the hay-grain mixture produced a large 
initial rise in acid production which surpassed the peak acid 
production of the hay substrate at 12 hours of incubation. 
With the hay, the acetate level declined sharply at four 
hours of incubation and then remained constant with time. 
Acetate production tended to diminish with time for the hay-
grain mixture; however, propionate production appeared to be 
inversely related to acetate production with either substrate, 
Butyrate production remained relatively constant with time 
with the hay substrate but tended to Increase up to 16 hours 
for the hay-grain mixture. 
In vitro Experiments 3 &nd 4 
The results of these experiments, shown in Table 18, 
closely paralleled those of the previous trial. Statistical 
treatment of the data appear in the appendix. Differences 
between the two experiments were statistically significant 
(P<0,01). This was apparently due to a lower concentration 
of microorganisms present in the inoculum used in Experiment 
3. The data from the two experiments were combined, since 
the effects appeared to be in the same direction but of 
smaller magnitude in Experiment 3. 
Volatile fatty acid production was significantly greater 
for the high-concentrate substrate while the acetate to pro-
Table 18. Effect of level of concentrate and physical form on volatile fatty acid 
production by ruminai bacteria in vitro.®-
Sub- Physical uM C2/C0 Molar percentage 
strate form V.P.A. O2 Co Other 
per acids® 
80% roughage-20^  concentrate 
Meal 26 .6  a 2.97 a 69.3 a 23.8 a 4.8 a 2 .0  a 
Complete 
24.4 pellet 26 .8  a 2.84 a 67 .8  a a 5.4 a 2.4 a 
Roughage 
26 .2  68 .1  pelleted a 2.90 a a 23.7 a 5.2 a 3.0 a 
Concentrate 
pelleted 26.1 a 2.89 a 67 .6  a 23 .6  a 4.9 a 3.9 a 
20% roughage-80% concentrate 
Meal 31.9 b c 1.70 b 57.8 b 34.1 b 5.6 a 2.5 a 
Complete 
1.96 61.0 pellet 32 .8  b b b 31.6 b 5.1 a 2.4 a 
Roughage 
60.0 pelleted 31.8 b 1.92 b b 31.6 b 5.4 a 3.0 a 
V^alues are based on the mean of six observations, 
T^hose means within a column followed by the same letter do not differ sig­
nificantly. All others differ significantly (P<0.01). 
I^ncludes iso-butyric, isomers of valeric and valeric acids. 












pelleted 33.0 b 1.73 b 58.4 
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T^wenty milligrams of each compound(s) added 
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pionate ratio was markedly narrower than with the low-concen­
trate substrate. This was largely the result of lowered 
acetate and increased propionate production. These differ­
ences were significant (P<0.01), Butyrate and minor acid 
production was not significantly different (P<0,05) between 
the substrates used in these studies. 
There were no significant (P<0,05) differences due to 
pelleting at either level of concentrate. The measurements 
taken were amazingly uniform across pelleting treatments, in­
dicating that there had been little or no chemical change in 
the feed due to pelleting which the rumen bacteria could 
detect. However, it was demonstrated that the rumen micro­
organisms could differentiate between the different types of 
substrates used in this study. The addition of compounds, 
such as casein and glucose markedly altered the volatile 
fatty acid pattern. Addition of casein Increased (P<0,01) 
total acid production and levels of the minor acids, particu­
larly valerate and its isomers. Glucose alone, further in­
creased acid production and narrowed the acetate to propionate 
ratio. Glucose tended to bring about a volatile fatty acid 
pattern similar to that obtained by increasing the level of 
concentrate in the substrate. The addition of both casein 
and glucose increased total acid production above either of 
these compounds added singly. The acetate to propionate 
ratio was further narrowed as the result of decreased acetate 
production. These data suggested that if chemical changes 
170 
had occurred during the pelleting process, they were of such 
low magnitude that they could not be reflected in the end-
products of fermentation produced by the rumen microorganisms. 
Cultural Studies with Mixed Suspensions 
of Rumen Bacteria and Protozoa 
Separation of protozoa from ruminai contents 
One of the major problems encountered in the separation 
of protozoa from ruminai contents has been the removal of 
feed debris and extraneous material from the protozoal pre­
paration. This has been accomplished by use of soluble 
sugars or mechanical means; however, in doing so, certain 
genera of protozoa are selectively removed. These studies 
were conducted to alleviate this problem and to develop a 
procedure which could be used with vitro ruminai bacterial 
fermentations. 
In the laboratory, the addition of maltose and sucrose 
to whole ruminai fluid resulted in a rapid fermentation. 
Peed materials ascended to the top of the fluid and some, but 
not all, of the protozoa settled to the bottom in a visible 
layer. The foam layer which formed above the feed debris 
entrapped large numbers of protozoa, particularly the Bnto-
dinium spp. and Dasvtrlcha. Maintaining a carbon dioxide 
pressure over the foam, as was done in separation Experiment 
1, failed to disrupt the foam formation. Furthermore, smaller 
171 
protozoa settled no better than when the vessel was exposed 
to the atmosphere. Examination of various fractions indicated 
that the foam contained 11 percent of the total protozoa. 
The lower layer, containing the settled protozoa, accounted 
for 67 percent and the middle portion, 22 percent. The yield 
of settled protozoa from five liters of rumen fluid was about 
46 milliliters. Microscopic examination revealed that the 
foam fraction contained large numbers of Bntodinium spp,, 
Dasytricha and the smaller Diplodinium, Isotricha and 
Ophryoscolex were present but in small numbers. In the lower 
layer, the protozoa were primarily Isotricha, large Diplo-
dinium and Ophryoscolex, The protozoa that settled from the 
remaining fluid consisted of a mixture of all genera. 
In the second, separation experiment, collection of fluid 
from the cistern of the rumen, before the steer was fed in 
the morning (I6 hours after the previous evening feeding), 
proved to be quite satisfactory. The protozoal concentration 
was extremely high and the interference of feed particles was 
minimized. In this experiment, the addition of carbohydrates 
to two and one-half liters of the rumen fluid resulted in a 
yield of 32 milliliters of settled protozoa. The foam con­
tained two percent, the lower layer had 69 percent and the 
remaining fluid had I9 percent of the total settled protozoa* 
Bntodinium spp, and Dasvtricha were absent from the prepara­
tion. 
The procedure of centrifugation, followed by suspending 
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the sediment in the wash solution (Balanced salt solution) 
markedly increased the total yield of protozoa as compared 
with the method of adding carbohydrates to the fluid. The 
increased yield of settled protozoa was due to two factors. 
First, almost all of the protozoa were centrifuged from the 
fluid. Second, the wash solution appeared to provide a more 
favorable ionic environment than the rumen fluid for settling 
protozoa. The initial mixture of sediment and wash solution 
was cloudy, resembling sludge, but slowly cleared. The ex­
traneous materials became dislodged from the bottom of the 
vessel and gathered at the surface of the liquid. Within two 
hours about 32 milliliters of protozoa were drawn off. Re-
suspending the sediment and allowing the protozoa to settle 
for two hours yielded an additional 16 milliliters of proto­
zoa, Some protozoa tended to remain in the suspension, but 
differential separation of protozoal species did not occur. 
Microscopic examination of the settled protozoa indicated 
that all genera were present in the isolated protozoa pre­
paration and in about thé same proportions as in the initial 
ruminai fluid. However, the preparation contained more feed 
particles than were desired. 
In the third experiment, the centrifugation and washing 
procedures together with the collection of fluid from the 
steer prior to the morning feeding gave equally as good re­
sults, The problem of feed particles was essentially elimin­
ated by straining the whole fluid through cheese cloth. 
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Rinsing the cloth in wash solution removed any protozoa 
retained on the cloth, Gram stains indicated that the settled 
protozoa were also relatively free of bacteria. The protozoa 
did not appear to be affected by the rigorous separation 
procedure, with respect to morphology. However, they were 
noticeably sluggish in their motility and feeding habits, 
Diplodinium and Entodinium species tended to contract their 
membranelles, Autolysis was not observed. 
The results of separation Experiment 4 indicated that 
the protozoa recovered their motility when incubated in an 
energy-containing medium. Motility and feeding habits im­
proved with time with the greatest activity occurring after 
six hours of incubation. All genera were viable and quite 
active with some species showing a marked ingestion of starch 
granules. After six hours, all genera became less active 
with the Entodinium.spp, and Dasytricha first dying out, 
followed by Ophrvoscolex, After 24 hours of incubation the 
activity of the Isotricha spp, and the large Diplodinium was 
reduced, 'They tended to be sphere-shaped and showed a marked 
engorgement of carbohydrate materials. Fragments of dis­
rupted protozoal cells were observed. The pH and volatile 
fatty acid concentration was 5«1 and 24 moles per milli­
liter of fermentation contents, respectively. Molar percen­
tages of acetic, propionic, iso-butyric, butyric, isomers of 
valeric and valeric acid were 46, 21,  0.9,  28,  3*5 and 1,1,  
respectively. 
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The results of these experiments indicate that a pre­
paration of protozoa, suitable for laboratory experiments, 
could be obtained with relative ease. Collection of fluid 
from the cistern of the rumen prior to the morning feeding of 
the animal produced large concentrations of protozoa with 
less extraneous materials. Centrifugation, followed by 
washing in a balanced salt solution, enhanced the separation 
of protozoa, increased the total cell concentration and main­
tained the proportions of protozoa similar to those found in 
the rumen. Motility, viability and volatile fatty acid pro­
duction were not adversely affected by the separation pro­
cedures. 
Incubation medium and length of fermentation 
Bacteria, protozoa, and bacteria plus protozoa were 
cultured in two types of media with a high-concentrate feed 
substrate, in this experiment. The bacterial medium routinely 
used in this laboratory is known to provide optimal cellulose 
digestion by rumen microorganisms. However, it was not known 
how protozoa or mixed cultures of bacteria and protozoa would 
utilize this medium in the production of volatile fatty acids, 
A protozoal medium (Christiansen et al,, I962) used success­
fully in the culture of protozoa in the absence of bacteria 
was chosen for comparison. 
The protozoal medium proved equally as suitable as the 
bacterial medium with respect to volatile fatty acid pro­
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duction, with one exception. Butyrate production was higher 
(P<0,01) with the bacterial medium. This was the result of 
a four-fold increase in butyrate production by the cultures 
containing protozoa incubated in the bacterial medium. Since 
the differences between the media were small, the data were 
pooled and are shown in Table I9, Statistical analyses of 
the data appear in the appendix. 
It should be pointed out that acid production at zero 
hour of fermentation indicates the quantity and proportions 
of acids which were taken into the culture by the organisms. 
The differences between cultures of bacteria, protozoa 
and bacteria plus protozoa were significant (P<0.01) for all 
measurements taken. The larger portion of these differences 
was due to the effects of the cultures containing only proto­
zoa. Comparing the averages, cultures containing protozoa 
alone produced smaller quantities of total acids, propionic 
and minor fatty acids but larger quantities of acetic acid, 
than did cultures containing bacteria or bacteria plus proto­
zoa. Butyrate production by cultures of protozoa tended to 
be intermediate to that produced by cultures containing bac­
teria and bacteria plus protozoa. 
Mixed cultures, containing bacteria and protozoa, pro­
duced more volatile fatty acid and at a somewhat faster rate 
than did bacterial cultures. Furthermore, the presence of 
protozoa in bacterial cultures decreased propionic acid level 
but more than doubled the production of butyric acid. 
Tabl.e 19# Volatile fatty acid production "by ruminai protozoa, bacteria and mixed 







































































































2 . 1  










1 . 0  
2.6 










2 .22  
80.5 
69.2  
60 .8  
12.4 






2 .8  
3.0 
&Saoh value is based on the mean of two measurements. 
I^ncludes iso-butyrlc, isomers of valeric and valeric acids 

















12 30.2  1.90 55.0  29 .7  11.2 4.1 
16 33.0  2 .31  57.4 26.4  12.5 3.6  
20, 35.0  1 .93  54 .0  28 .2  12.4 5.5 
24 38 .0  1.90 53.6  28 .2  12 .8  5 .4  
Av. 25.4 2.86  61 .5  24.8 10.0 3.7  
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The kind of culture x incubation period interaction was 
significant for total acid production (P<0,01) and for pro­
pionate (P<0.05) production. Again these differences were 
due largely to the effects of the cultures containing proto­
zoa alone. It is interesting to note, that proportions of 
fatty acids produced by these cultures tended to fluctuate 
greatly and followed no definite pattern with time. On the 
other hand, most of the changes in fatty acid production ob­
served with the bacterial cultures or the mixed cultures 
occurred during the first 12 hours of incubation and remained 
relatively constant thereafter. 
Size of protozoal inoculum in cultures with ruminai bacteria 
The level of protozoa added to bacterial cultures in the 
preceeding experiment, was arbitrarily set at 22.5 milliliters 
of settled protozoa per liter. This experiment was conducted 
to establish the optimum level of protozoa to add to such 
cultures when incubated with a low or high-concentrate feed 
substrate. Cellulose digestion and volatile fatty acid pro­
duction were chosen as the criteria of response. The results 
are presented in Table 20. Statistical analyses of the data 
appear in the appendix. 
Addition of 12, 24, 36 or 48 milliliters of settled 
protozoa per liter of bacterial-culture medium, when the sub­
strate was low concentrate, did not increase (P<.0.05) cellu­
lose digestion over bacteria alone. Volatile fatty acid 
Table 20. The influence of protozoa additions to bacterial cultures on cellulose 
digestion and volatile fatty acid production in vitro 
Sub- Level Percent Statistical uM Statistical 
strate of cellulose significance® V.P.A. significance^  
protozoa®' digestion per ml. 
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M^illiliters of washed, settled protozoa per liter of medium. 
E^ach value is based on the mean of three determinations. 
°Those means within a column followed by the same letter do not differ sig­
nificantly. All others differ significantly (cellulose digestion P<0,05 and 
V.P.A. production P-^ O.Ol). 
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production, however, increased (P<C0.01) with increasing 
levels of protozoa. The optimum level of protozoa, with 
respect to total acid production, appeared to be 36 milli­
liters per liter. Increasing the level to 48 milliliters 
increased acid production but not significantly. 
In the case of the high-concentrate substrate, cellulose 
digestion was significantly (P<0.05) increased with each 
level of protozoa to 24 milliliters at which the maximum 
digestion was obtained. Further additions of protozoa did 
not increase digestion over bacteria alone. Volatile fatty 
acid production increased with each addition of protozoa to 
the bacterial culture. The difference between the 24 and 36 
milliliter level or between the j6 and 48 milliliter level 
was not significant (PO.Ol). However, 48 milliliters of 
protozoa increased (P<0.01) acid production over the 24 
milliliter level. 
The Effect of Physical Form of the Ration and Level 
of Concentrate on Volatile Fatty Acid and 
Ammonia Production by Buminal Bacteria and Protozoa in vitro 
It has been established, in the preceeding lamb trials, 
that the proportions of ruminai volatile fatty acids were 
markedly altered either by feeding concentrates or by heating 
or pelleting the ration. Moreover, the chemical composition 
of rations subjected to the pelleting process was essentially 
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the same as In the non-pelleted rations. This suggested that 
the changes in rumen fermentation may "be associated with the 
microbial populations in the rumen. 
Bacteria and protozoa are responsible for the fermenta­
tion end-products formed in the rumen. Therefore, a change 
in numbers of either or both of such organisms would markedly 
alter the proportions of end-products produced. This has 
been demonstrated by numerous workers in the case of rumen 
bacteria. Recently, Christiansen (I963) found that volatile 
fatty acid and ammonia production were lower in protozoa-free 
lambs than in lambs harboring protozoa. He further demon­
strated that pelleting the entire ration or the roughage 
portion resulted in the disappearance of protozoa from the 
rumen. However, conditions which led to the disappearance 
of protozoa narrowed the acetate to propionate ratio (Rhodes 
and Woods, I962). These effects appeared to be associated 
with particle size and rate of passage of feed material 
through the digestive tract. 
A series of experiments was conducted to determine the 
effect of presence or absence of protozoa on the volatile 
fatty acid and ammonia production in vitro. 
In vitro Experiments 5> 6 and 7 
Three experiments were conducted in which rumen bacteria 
and bacteria plus protozoa were incubated with a low and a 
high-concentrate ration. The low concentrate (20 percent) 
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and the high-concentrate (80 percent) rations were fed to 
lambs in volatile fatty acid Trial 4 in the following physi­
cal forms: meal, complete pellet, roughage portion pelleted 
and concentrate portion pelleted. These same rations were 
finely ground and served as the substrates for this study. 
Differences between experiments for the measurements taken 
were not significant, except for acetate, which was lower 
(P <0.05) in Experiment 5» and the isomers of valeric acid, 
which were lower (P<0.01) in Experiment 6, Also, differ­
ences between physical forms were not significant (P<0.05) 
in any of the experiments. The data, therefore, have been 
pooled across experiments and across forms of the ration and 
are presented in Table 21. Statistical analyses of the un-
pooled data appear in the appendix. 
The response of rumen microorganisms to level of concen­
trate, with respect to total acid production and proportions 
of the individual acids, closely parallels that observed in 
previous experiments. 
Fermentative differences between bacteria and bacteria 
plus protozoa were significant (P<0.01) for all of the 
measurements taken. The addition of protozoa to bacterial 
cultures increased total acid production, butyric, branched-
chain and valeric acids, but decreased acetic and propionic 
acids. 
The response of bacteria and bacteria plus protozoa to 
the low concentrate differed from that of the high concentrate 
Table 21. Volatile fatty aoid production by bacteria and bacteria plus protozoa 
with low and high-concentrate substrates in vitro®-
Substrate uM Go/Co Molar " oercentage 
V.P.A. 
per ml. 
C2 C3 04 iC5 5^ 
Low concentrate (80# roughage-20# concentrate) 
Bacteria 28.1 1.74 54.9 32.0 1.1 8.9 2.1  1.5 
Bacteria + protozoa^  42.5 1,60 40.8 25.7 2.5 22.0 6.2  2 .9  
Percentage change due 
to protozoa® 50 8 26 20 127 147 195 93 
High concentrate (20# roughage-8( D# concentrate) 
Bacteria 34.8 1.10 44.4 40.7 1.2 9.8 2.3 1.7 
Bacteria + protozoa^  48.0 1.44 37.1 26.2  2 .2  27.3 4.7 2.5 
Percentage change due 
to protozoa® 38 31 16 36 83 179 104 47 
E^ach value is based on the mean of 36 observations. 
T^wenty-four milliliters of washed, settled protozoa per liter of medium. 
°Values for bacteria were used as the base comparison for these calculations. 
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as indicated by the significant (P<0.01) interaction for all 
of the measurements» Addition of protozoa to bacterial 
cultures increased volatile fatty acid production 50 percent 
with the low concentrate and 38 percent with the high concen­
trate, In the latter case, the acid production by bacteria 
was already higher than that of the low concentrate. The 
acetate to propionate ratio was narrowed by the presence of 
protozoa with the low concentrate but markedly widened in the 
case of the high concentrate. It is interesting to note that 
acetate and propionate levels were lowered by the addition of 
protozoa; however, acetate was lowered to a lesser extent and 
propionate to a greater extent with the high-concentrate sub­
strate than with the low concentrate, Butyrate production 
was increased by the addition of protozoa with either level 
of concentrate. Valerate and branched-chain acids were in­
creased by the presence of protozoa with either concentrate 
level; however, this was more pronounced with the low concen­
trate , 
Volatile fatty acid production and the proportion of 
individual acids were amazingly uniform between these exper­
iments. On the other hand, the protozoal inoculum was more 
variable than anticipated. Table 22 shows that the numbers 
of protozoa per milliliter of washed and settled protozoa 
tended to diminish with each experiment. This appeared to 
be due to variation in the volume of wash solution withdrawn 
with the protozoa during separation. Despite the variation 
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Table 22. Protozoal count and percentage distribution of 
genera added to bacterial fenaentations in in 
vitro Experiments 5» 6 and 7 
Experiment 
5 , 6 7 
Protozoal count, number per milliliter^  
1.6 X 10^  1.4 X 10° 1.3 X 10^  
Percentage 
Isotricha 10.2 12.6 11.7 
Dasvtricha 4.9 3.9 3.1 
Diplodinium 73.8 70.2 75.2 
Entodinium 3.6 3.8 3.5 
Ophryoscolex 7.5 9.5 6.5 
Total 100.0 100.0 100.0 
N^umber per milliliter of washed and settled protozoa. 
in numbers, the percentage of protozoal genera remained con­
stant during the study. Diplodinium spp. composed the great­
est number of the settled population in all experiments. 
In vitro Experiment 8 
The results of this experiment which involved the rate 
of ammonia production by bacteria and mixed cultures of bac­
teria and protozoa when incubated with a finely ground low or 
high-concentrate feed, are presented in Table 23* Statistical 
analyses of the data appear in the appendix. The concentra-
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Table 23. Bate of ammonia production by ruminai bacteria and 
cultures of bacteria plus protozoa with low and 
high-concentrate substrates in vitro 
Substrate Hours of Milligrams percent ammonia^  
incubation Bacteria Bacteria plus 
protozoa 
Low concentrate (80^  roughage-20^  concentrate) 
0 3.16 2.84 
4 ' 40.64 46.28 
8^  41.46 52.16 
12° 
16 44.97 59.78 
20 45.76 65.71 
24 47.38 71.78 
High concentrate (20# roughage-80^  concentrate) 
0 5.60 5.48 
4 40.12 45.15 
8, 37.14 46.71 
12° 
16 38.62 53.78 
20 39.88 59.19 
24 40.98 72.48 
&Each value is based on the mean of two determinations, 
M^easurement not taken. 
tion of ammonia at the beginning of the fermentation reflects 
the amount taken into the cultures by the organisms. In all 
instances there was a sharp rise in ammonia formation at four 
hours of fermentation. This was believed to be due to the 
hydrolysis of urea in the medium by the rumen microorganisms. 
The rate of ammonia formation by cultures containing 
bacteria alone increased slightly with time after four hours 
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in the case of the low-concentrate feed. The addition of 
protozoa to these cultures resulted in a marked increase in 
the rate of ammonia formation; the resulting 24-hour concen­
tration was about 53 percent higher for these cultures as 
compared with bacterial cultures alone. 
In the case of the high-concentrate feed, ammonia pro­
duction by cultures containing bacteria alone diminished 
between four and eight hours of fermentation and then in­
creased only slightly with time. The concentration at 24 
hours was about the same as that observed at four hours. The 
addition of protozoa increased the rate of ammonia formation 
as well as the concentration at 24 hours as compared with 
bacteria addition alone. The rate of ammonia production for 
the bacteria-protozoal cultures between four and 20 hours was 
not as rapid as that observed with the low-concentrate feed. 
These cultures produced a "burst" of ammonia between 20 and 
24 hours, which resulted in a final concentration which was 
comparable to the low-concentrate feed. 
In vitro Experiments 9 and 10 
These experiments were conducted to study the l6-hour 
ammonia production by bacterial cultures and by cultures 
containing bacteria and protozoa. The shorter fermentation 
period was chosen in preference to the 24-hour period because 
of the large variation in the 24 hour ammonia production be­
tween replicate tubes in the case of the bacteria-protozoal 
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cultures. The substrates used were the low and high-concen­
trate rations fed to lambs as a meal or as pellets in volatile 
fatty acid Trial 4. The rations were finely ground for these 
fermentations. Table 24 shows the results of these experi­
ments. Statistical analyses of the data appear in the appen­
dix. 
The addition of protozoa to bacterial cultures increased 
(P<0.01) ammonia production as much as 40 percent as compared 
to bacteria alone. This response was observed with either 
the low or high-concentrate feed. 
The concentration of ammonia was about 10 percent higher 
for the low concentrate as compared with the high-concentrate 
feed. While the average difference was relatively small, six 
milligrams percent, the response was consistently produced 
by both bacterial and bacterial-protozoal cultures in each 
experiment. 
Pelleting either of the concentrate feeds, as compared 
with meal forms, and incubating the finely ground material 
with the rumen microorganisms resulted in ammonia levels that 
were not different (P<0.05). This finding is of interest 
since the soluble nitrogen content of the pelleted high-con­
centrate ration was slightly higher than that of the non-
pelleted ration. 
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Table 24. Ammonia production by ruminai bacteria and cul­
tures of bacteria plus protozoa with low and high-
concentrate substrates in vitro 
Substrate Physical Experiment Milligrams percent ammonia^  
form Bacteria Bacteria plus 
protozoa 
Low concentrate (80% roughage-20^  concentrate) 
Meal 9 45.88 63 .22  
10 43.21 58 .48 
Av. 44.54 60 .85 
Pellet 9 44.51 62 .76 
10 42.40 56 .98  
Av. 43.46 59 .87 
High concentrate (20% roughage-80^  concentrate) 
Meal 9 40.05 58 .14 
10 37.75 51 .21 
Av. 38.90  54 .68 
Pellet 9 40.13 57 .09  
10 37.37 51 .73 
Av. 38.75 54 .41 
&Each value is based on the mean of four observations. 
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The Effect of Ruminai Protozoa and Level of Concentrate 
upon Volatile Patty Acid and Ammonia Production 
and Ration Digestibility in Lambs 
The results of the In vitro fermentations indicated a 
marked influence of protozoa on volatile fatty acid and 
ammonia production. The presence of protozoa increased total 
acid production 38 to 44 percent. Protozoa widened the ace­
tate to propionate ratio with the high-concentrate substrate 
but narrowed it with the low-concentrate substrate. Ammonia 
production was increased about 4-0 percent by the addition of 
protozoa to bacterial cultures. 
These findings were extended to a final experiment, to 
studies with lambs which were faunated or protozoa-free. 
Defaunation and re-establishment of the rumen microbial 
populations 
Starvation of fully faunated lambs for five days followed 
by the administration of copper sulfate was successful in 
removing protozoa from the rumen. The lambs consumed hay 
readily at the first offering of feed (eight hours after 
final copper sulfate treatment). The erratic pattern of feed 
consumption which followed suggested that a large portion of 
the bacterial population may have been killed by the copper 
sulfate treatment. The following day the lambs were offered 
the experimental rations which they refused. Good quality 
alfalfa hay was also refused. The second day the lambs were 
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enticed to eat by offering hay at the morning feeding and the 
experimental ration at the evening feeding. Using this pro­
cedure , the lambs were brought to consumption of two pounds 
of the experimental rations per day. 
It is interesting to note that by the fourth day follow­
ing copper sulfate treatment only two lambs of 16 were con­
suming two pounds of feed daily. By the sixth day, eight 
lambs were consuming this quantity. After 10 days, 14 of 16 
lambs were consuming two pounds of feed. One lamb required 
14 days and another 18 days to reach the desired feed intake, 
The effect of inoculation of the lambs with the rumen 
bacteria or protozoa from a steer could not be related to 
feed consumption since the lambs were consuming the desired 
intake at this time. Feed refusals, however, were almost nil 
during the remainder of the experiment. 
Because the bacteria had to be subjected to rather 
rigorous procedures during the preparation of the inoculum, 
there was some concern as to whether they remained viable. 
Screw-cap tubes containing thioglycollate agar and stab 
inoculated with the bacterial inoculum produced heavy growths 
of anaerobic bacteria, A stained preparation from the growth 
indicated the organisms were a mixture of Gram-positive and 
Gram-negative rods and cocci. 
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The digestion study 
The results of the digestion trial are presented in 
Table 25» Statistical analyses of the data appear in the 
appendix. There were no differences in digestibility that 
could by attributed to the presence or absence of rumen pro­
tozoa, except for cellulose digestibility. Cellulose diges­
tibility was lower (P<0,05) for the faunated lambs fed the 
high-concentrate ration. It should be pointed out that there 
was considerable variation in the cellulose digestion coeffi­
cients between these lambs. The coefficients ranged from 3^  
to 51 percent. The variation in digestion coefficients be­
tween lambs fed the low-concentrate ration was quite low with 
each of the nutrients studied. 
Digestion coefficients for dry matter, protein and energy 
components of the high-concentrate ration were higher (P<0.01) 
than those of the low-concentrate ration. Moreover, the 
digestibility of cellulose was higher (P<0.05) in the case 
of the high-concentrate ration. 
The interaction between concentrate level and presence 
or absence of protozoa was statistically significant (P<0,01) 
for the digestibility of ash. With the high-concentrate 
ration, the digestion coefficients for ash were lower for 
faunated lambs than for lambs which were free of ciliate 
protozoa. In the case of the low-concentrate ration, ash 
digestibility was slightly higher in the faunated lambs. The 
reasons for this interaction are not readily apparent. 
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Table 25. Digestibility of a low and high-concentrate ration 
by faunated lambs and lambs free of ciliate proto­
zoa 





Low concentrate (80^  roughage-20# concentrate) 
Dry matter 58 .08 57.71 
Ash 51 .48 52.65 
Cellulose 53 .72 52.69 
Protein 68 .77 69.23 
Energy 56 .31 55.63 
High concentrate (20# roughage -80# concentrate) 
Dry matter 78 .98 77.36 
Ash 57 .49 52.73 
Cellulose 51 .82 41.18 
Protein 77 .19 76.72 
Energy 77 .63 75.91 
E^ach value is based on the mean of four lambs per 
treatment, except those for protozoa-free lambs fed the high-
concentrate ration. The values for this treatment are based 
on the mean of three lambs. 
Volatile fatty acid -production 
Table 26 shows the effect of protozoa and level of con­
centrate on the rate of volatile fatty acid production. 
Statistical analyses of the data appear in the appendix. The 
values represent an average of three or four lambs sampled on 
two alternate days. Four lambs were used in each treatment 
comparison, except that three lambs were used in the treat­
ment in which proto%oa-free lambs were fed the high-concen-
Table 26, Ruminai pH and volatile fatty acid production in faunated and protozoa-
free lambs 
Hours uM Molar percentage 
Ration after pH V.P.A. Cp/Co Co C- 10^ . Ck iCt Cf 
feeding per ml.  ^  ^ d d  
Low concentrate (80^  roughage-20^  concentrate) 
Ciliate-protozoa-
free lambs®-
Faunated lambs^  
Ciliate-prptozoa-
free lambs" 
0 7.09 45,8 2.32 58.2  24,2 1,6 13.8 1.7 0.4 
2 6,64 87.4 1,41 50,6 35.7 0,5 11.7 0.6 1.0 
4 6.78  82.6 1.52 48,6 32,4 0.7 16.0 0.4 1.9 
6 6,86 71.4 1.50 47.0 31.9 0.8  18,7 0,5 1.0 
8 7.00 61.3 1,69 49.5 29.8 1.1 17.4 1.5 0.8  
Av, 6.88  69.7 1.69  50.8 30,8 1,0 15.5 0.9  1,0 
0 6.98 57.1 2,00 52.2 26,4 2,2 16,8 1.8 0,6 
2 6,58 94.4 1.30 43.8 34,2 1.3 17.7 1,3 1,8 
4- 6,69  91.2 1,44 47,1 33.0 0,8 17.1 0.6 1.5 
6 6,78 78,7 1,66 49,0  30.5 0,7 18,7 0.5 0,7 
8 6,86 72,9  1,64 47,2 29.4 1,2 20,2 1.4 0,7 
Av. 6.78  78.9 1.61  47,8 30.7 1,2 18,1 1,1 1,1 
roughage-8 ( 3^  concentrate) 
0 6,60 60,6 1.52 42,5 23.5 1.5 28,2 3.0 1,4 
2 6,24 79.1 1.52 42,7 28.4 0,4 26.6  0,8 1,1 
4 6,36 81.8 1,41 37.0 26,4 0,6 32.2 1,8 2,0 
6 6.39 80,2 1,43 36,1 26,0 0.9 32.8  2,3 1,8 
E^ach value is based on the mean of eight measurements, 
E^ach value is based on the mean of six measurements. 
Table 26 (Continued) 
Ration Hours pH uM Co/Co Molar percentage 
after V.P.A.  ^ Og C^  C^  iCc Cc 
feeding per ml. 
Faunated lambs®-
8 6.54 69.8  1.37 35.4 26.0 1.4 32.8  2 .8  1.6 
Av. 6.^ 3 74.3 1.45 38.7 26.0 1.0  30.5 2.1 1.6  
0 6,69 57.2 1.50 40.6 27.6  1.5 25.0 3.1 0.9 
2 6.24 82.8 1.09 40.0 37.5 0.6 19.8 1.2 1.0 
4 6.39 77.6 1.13 37.8 35.7 0.7  23.6 1.3 0.9  
6 6.35 79.2 1.09 36.8 35^2 0.7  29.2 1.4 0.8  
8 70.5 1.18 38.5 34.0 0.8  24.2 1.9 0.7 
Av. 6.44 73.5 1.20 38.7 34.0 0.8 23.6  1.8 0.9  
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trate ration. 
As compared to feeding the lower concentrate ration, the 
higher concentrate ration reduced (P<0.01) the pH of rumen 
contents but had no effect on the volatile fatty acid concen­
tration. The acetate to propionate ratio was significantly 
narrowed (P<0.05) as a result of a decrease (P<0.01) in the 
level of acetate. There was also a higher (P<0.01) butyrate 
level with this ration as compared with the low-concentrate 
ration. The level of branched-chain valeric acids tended to 
be higher (P<0.10) with the higher level of concentrate. 
There were no statistical differences (P<0.05) in pH or 
volatile fatty acid production attributable to the presence 
or absence of protozoa in the rumen. However, the acetate to 
propionate ratio tended (P<0.10) to be wider in lambs free 
of ciliate protozoa than in the faunated lambs. This was the 
result of lowered (P<0.10) propionate production. Valerate 
production tended to be higher (P<0,10) in the lambs which 
were free of ciliate protozoa. 
The level of concentrate x presence or absence of proto­
zoa interaction was significant (P<.0,05) for butyrate and 
valerate. The interaction was also significant (P<0,10) for 
propionate. The presence of protozoa increased butyrate 
production with the low-concentrate ration but decreased it 
with the high-concentrate ration. Valerate production was 
comparable for faunated lambs and protozoa-free lambs fed the 
low-concentrate ration but markedly lower for the faunated 
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lambs fed the high-concentrate ration. Propionate production 
followed a pattern similar to that of valerate production for 
the low-concentrate ration, but was higher in faunated lambs 
than in defaunated lambs fed the high-concentrate ration. 
Statistical differences (P<0,01) in all ruminai measure­
ments attributable to differences in time after feeding were 
found. In general, the fermentation in the rumen was charac­
terized by a sharp drop in pH and a marked increase in volatile 
fatty acid production at two hours after feeding. Thereafter, 
the concentration of acids, which was accompanied by a reci­
procal increase in pH, diminished with time. The proportions 
of acids did not follow any consistent pattern with time after 
feeding. 
There was a significant (P<0,01) level of concentrate x 
time after feeding interaction in total volatile fatty acid 
production. This was due to the increase two hours after 
feeding which amounted to 77 percent for the low concentrate 
and 37 percent for the high concentrate. Moreover, the acid 
concentration in the rumens of lambs fed the high-concentrate 
ration was relatively constant while that on the low-concen­
trate ration diminished rapidly with time. Other interactions 
between level of concentrate and time after feeding include: 
the acetate to propionate ratio (P<0,10), branched-chain 
valeric acids (P<0.01) and valerate (P<0.05). The ratio of 
acetate to propionate decreased from 2,l6 to 1.36 at two 
hours after feeding with the low-concentrate ration as com­
198 
pared to a drop of 1.68 to 1.30 for the high-concentrate 
level. It is of interest to note that the ratio remained 
constant after two hours on the high concentrate but widened 
with time on the low. Branched-chain valeric acid levels 
dropped sharply at two hours; they increased with time, on 
the high-concentrate ration, while they were lower but con­
stant at four and six hours and increased at eight hours on 
the low concentrate. Valerate production increased during 
the first four hours after feeding and then declined with 
low-concentrate feeding; it remained constant with time with 
high-concentrate feeding. 
The three-way interaction between level of concentrate, 
protozoa and time after feeding was significant (P<0.01) 
for propionate production. This was due largely to the lower 
propionate production by protozoa-free lambs fed the high-
concentrate ration. Also, between four and eight hours after 
feeding the level of propionate was constant for lambs fed 
the high-concentrate ration, but it diminished rapidly for 
the lambs fed the low-concentrate ration. 
Examination of the data showed marked but not significant, 
differences in the rate of fermentation due to the presence 
of protozoa in the rumen. With the high-concentrate ration, 
the rise in acid production between the pre-feeding sample 
and the sample taken two hours after feeding, and between the 
two and four hour sample was more rapid in faunated lambs 
than in protozoa-free lambs. Fatty acid production followed 
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a similar trend in lambs receiving the low-concentrate ration. 
Ammonia -production 
The presence of protozoa in the rumens of lambs signifi­
cantly increased (P<0.01) ammonia production as shown in 
Table 2?, The statistical analyses of these data appear in 
the appendix. This increase amounted to ^ 8 percent and 157 
percent for the low and high-concentrate rations, respective­
ly. This interaction was significant (P<0.05). The high-
concentrate ration thus resulted in higher (P<0,10) ammonia 
production than the low-concentrate ration. 
Ammonia production increased (P<0.01) sharply during 
the first two hours after feeding and declined rapidly there­
after to the sixth hour. There was a tendency for the con­
centration of ammonia to increase between six and eight hours 
after feeding. These trends were observed in faunated or 
protozoa-free lambs and with either level of concentrate. 
The interaction between time after feeding and the 
presence or absence of protozoa was significant (P<0.05). 
This was largely the result of a more rapid decline in the 
ammonia level between four and six hours after feeding with 
the faunated lambs as compared with the protozoa-free lambs. 
Bacteria and protozoa observations 
Ruminai contents of all lambs were examined under a 
microscope during the course of the experiment. The first 
examination, taken one week after the last copper sulfate 
200 
Table 2?. Ruminai ammonia production in faunated and proto-
zoa-free lambs fed low and high-concentrate 
rations 
Hation Hours after Milligrams 
feeding percent ammonia 
Low concentrate (80# roughage-20^  concentrate) 
Ciliate-protozoa-free 






Faunated lambs^  0 7.19 
2 19.82 
4 10.22  
6  4.30 
8 6.32 
Av. 9.57 
High concentrate (20# roughage-80# concentrate) 
Ciliate-protozoa-free 
lambs° 0 4.84 
2 7.93 
il- 4.71 
6 3 .16  
8 7.30 
Av. 5.59 
Faunated lambs®" 0 15.76 
2  18.50 
13.02  
6  11.85 
8 12 .63  
Av. 14.35 
E^ach value is based on the mean of eight measurements, 
E^ach value is based on the mean of six measurements. 
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treatment indicated that all 16 lambs were free of ciliate 
and flagellate protozoa. 
Examination of nmen contents eight days after the lambs 
were inoculated (18 days after copper sulfate treatment) with 
protozoa revealed considerable variation between lambs with 
respect to the genera established. Diplodinium spp. and 
Entodinium spp. were present in modest numbers in all lambs. 
Isotricha spp, and Dasvtricha were predominant in one lamb, 
moderately abundant in five lambs but very low in two others, 
Ophrvoscolex was present in low numbers in all lambs. The 
lambs which were inoculated with bacteria were found to be 
free of ciliate protozoa. Flagellate protozoa were not de­
tected at this time. 
The defaunated lambs were examined before and after the 
digestion study and were found to be free of ciliate protozoa. 
However, examination of the rumen contents after the diges­
tion trial (^ 3 days after copper sulfate treatment) revealed 
the presence of a large number of motile organisms in the 
rumen. They were smaller than ciliate protozoa but larger 
than rumen bacteria, with the exception of some of the larger 
bacterial species. Their size was in the order of seven to 
12 microns in length. Three species of flagellate protozoa 
were observed in fresh mounts with phase contrast microscopy. 
Admittedly, identification and characterization of organisms 
in fresh preparations is hazardous. Nevertheless, the char­
acteristics of these organisms closely paralleled those re­
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ported by Becker and Talbot (192?) and thus were given tenta­
tive classification. 
Most mamerous of the flagellate protozoa was a specie 
believed to be Callimastix frontalis. which refracted light 
in a glistening manner. It moved about jerkily and in a 
circle, which suggested that the pattern of motility was due 
to a tuft of flagella attached to the anterior of the cell 
(Becker and Talbot, 192?). The other flagellate protozoa 
were less easily identified but individual cells typical of 
Eutrichômastlx rumlnantium and Trichomonas ruminantium were 
observed in fresh mounts. Photographs under 6lO x magnifica­
tion indicated that certain morphological features closely 
agree with those described by Becker and Talbot (1927) for 
Trichomonas ruminantium. A number of cyst-like cells were 
observed in fresh preparations resembling trophozoites of the 
Yahlkampfia spp. described by Becker and Talbot (192?). 
Examination of the rumen contents of the faunated lambs 
revealed that these species of flagellate protozoa were also 
present. However, the magnitude of their populations gener­
ally appeared to be much lower than lambs free of dilate 
protozoa. Microscopic counts of the flagellate protozoa were 
not made in this study. 
In addition to the flagellate protozoa, sizable popula­
tions of the "large" bacteria, were observed in the rumens of 
lambs which were free of dilate protozoa. Substantial 
numbers of organisms, characterized by large cigar-shaped 
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multi-cellular rods, were observed. The organism was Gram-
negative but gave a positive iodine reaction. It was iden­
tified as Oscillospira guilliermondii according to the scheme 
of Moir and Masson (1952). Also present in large numbers 
were organisms of the large and small selenomonas variety 
(No. and 5» Moir and Masson, 1952), They were cresentic in 
shape, iodophilic and motile, with a slow irregular tumbling 
movement. Selenomonads were present in extremely large 
numbers. Organisms of the sarcina variety were observed in 
moderate numbers while Quin's oval organisms were present in 
relatively low numbers. 
Ruminai contents of lambs harboring ciliate protozoa 
were examined for these above noted types of bacteria. While 
numbers of bacteria were not quantitatively determined, 
Oscillosplra guilliermondii. selenomonads and sarcina organ­
isms were conspicuously lower in the lambs with protozoa. 
Whether the presence of protozoa in the fluid of faunated 
lambs exerted a diluting effect on these bacteria, making 
their numbers appear lower is a matter for conjecture. It 
was interesting to note that the faunated lambs appeared to 
have greater numbers of Quin's organisms than lambs which were 
free of ciliate protozoa. 
There were no observable differences between the low and 
high-concentrate rations with respect to the flagellate pro­
tozoa or "large" bacteria. 
Near the completion of the experiment two faunated lambs 
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died. Both had been fed the high-concentrate ration. Post­
mortem examination revealed large numbers of Clostridium spp. 
in the intestinal contents. However, mouse inoculation tests 
for toxins produced negative results. Laboratory findings 
were inconclusive, but suggested the possibility of entero-
toxemia. 
The remaining six faunated lambs were sampled for the 
purpose of making protozoal counts. Large variations in 
protozoal numbers were found between lambs fed the same ra­
tion as shown in Table 28. Diplodinium spp. were predominant 
Table 28. Protozoal counts of faunated lambs fed low and 
high-concentrate rations 
Lamb number Low concentrate High concentrate 
10 12 13 15 n ÏÏÏ 
Protozoal count, number per milliliter x 10^  
5.5 8.1 1.0 11.5 22.7 10.3 
Percent of protozoa 
Isotricha 2,1  3 .7  11,7 3.3 3.1  2.6 
Dasytricha 15.0 2.6 1.6 1.0 2.0 3.3 
DiTDlodinium 88.3 86,8 81.3 90 .7  76.5 74.9 
Entodinium 00
 





0.2 0.0 1.0 3.5  4,8 
Total 100,0 100,0 100.0 100.0 100.0 100.0 
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In the rumen contents of lambs fed either ration. This was 
not unexpected since these protozoa accounted for the largest 
proportion of the total in the inoculum. However, the numbers 
of Diplodinium spp. were markedly reduced in the rumens of 
lambs fed the high-concentrate ration. In contrast, numbers 
of Entodinlum spp. and Ophrvoscolez increased with this ra­
tion. The numbers of Qphrvoscolex were absent or decidedly 
lower in the rumens of lambs fed the low-concentrate ration. 
It would appear that Ophrvoscolez did not become established 
in lambs 10 and 13, since this protozoan was also absent in 
all previous observations. 
The number or the genera of protozoa present in the 
rumen of lambs previous to defaunation did not appear to in­
fluence the establishment of protozoa after refaunation. 
This observation suggests that the type of ration is a major 
factor influencing the composition of protozoal populations 
inhabiting the rumen. Some support for this is indicated by 
comparison of the protozoal populations of lambs 11 and 1^  to 
the other four lambs. Lamb 11 was penned between lambs 10 
and 12 and lamb 14 between 13 and 15. Therefore, the contact 
between these lambs may have had less influence on the popu­
lations than did the ration. 
Performance of faunated and protozoa-free lambs 
Growth and feed consumption data for the 66-day trial 
are shown in Table 29. The data were not analyzed statisti-
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Table 29. Performance of faunated lambs and lambs, free of 
dilate protozoa, fed low and high-concentrate 
rations 
Ration Number Pounds Pounds Feed 
of daily daily per 
lambs gain& feed° gain 
Low concentrate (80# roughage-20^  concentrate) 
Ciliate-protozoa-
free 4- 0.11 I.63 14.9 
Faunated 4 0.13 1.7^  13.3 
High concentrate (20# roughage-80# concentrate) 
Ciliate-protozoa-
free 3 0.25 1.51 6.0 
Faunated 2 0.17 1*59 9.4 
G^-ain data are based on filled body weight taken prior 
to the starvation period and at the end of the experiment. 
F^eed consumption is based on feed consumed following 
the starvation period. 
cally due to the limited number of animals for evaluating 
growth data. Lamb gains were rather low as was expected, 
considering that feed intake was restricted to two pounds 
daily. The feed consumption values are less than two pounds 
due to the poor feed consumption of the lambs immediately 
following starvation and copper sulfate treatment. 
The performance of protozoa-free lambs was comparable 
to that of faunated lambs on the low-concentrate ration. The 
lambs which were free of ciliate protozoa gained faster on 
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less feed than the faunated lambs when fed the high-concen­
trate ration. However, the number of lambs in this compari­
son was small. It is interesting to note the marked improve 
ment in feed efficiency with the protozoa-free lambs. 
208 
DISCUSSION 
During the past 50 or 60 years, the level of concentrate 
feeding for fattening ruminants has been under continuous in­
vestigation. There is considerable evidence that rations 
high in roughage do not support high rate of gain or rapid 
finish because the animals do not consume enough feed to meet 
the requirement for energy. Rations containing generous pro­
portions of grain appear to supply the needed energy and 
generally result in greater gains and higher market finish. 
The development of equipment for heat-processing and pellet­
ing feeds has led to a renewed interest in concentrate feed­
ing, particularly in the use of high levels in ruminant 
rations. 
Until recently little attention has been given to the 
relationships between the diet and the events occurring in 
the rumen. There is evidence that the physical and chemical 
nature of the diet has a decided effect on the type of rumen 
fermentation. The studies reported in this thesis have been 
concerned with the effect of concentrate feeding and physical 
form of the ration on the organisms inhabiting the rumen and 
on the proportions of volatile fatty acids produced during 
fermentation. 
A series of lamb trials were conducted to determine 
whether the level of concentrate, particle size of the rough­
age or pelleted feed would alter the quantity and proportions 
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of volatile fatty acids produced in the rumen. These studies 
showed that increasing the level of concentrate in the ration 
to levels as high as 80 percent of the total feed, reduced 
the ruminai pH and fatty acid production. Haun and Burroughs 
(1962) and Raun e^  al. (I962) reported similar results with 
lambs fed an 80 percent concentrate ration as compared to a 
50 percent ration. In contrast, Leffel (I962) found that the 
volatile fatty acid concentration increased in lambs fed an 
80 percent corn ration as compared to one containing 20 per­
cent corn. On the other hand, pH and acid concentration were 
not affected in dairy cows fed rations containing 0, 35» 50 
or 65 percent concentrates (Bath and Rook, 1963)» However, 
these workers maintained feed intake at a constant level. 
In the present studies the lambs were allowed to consume 
their feed aA libitum. 
The relationship of rumina.l pH to volatile fatty acid 
production was studied by Phillipson (19^ 2) who reported that 
changes in pH reflected the fluctuations in the quantities of 
organic acids produced at various stages during fermentation. 
Balch and Rowland (1957) indicated that pH was inversely 
related to ruminai acid concentration. The results of the 
present studies would tend to agree with these reports; how­
ever, in some instances the pH did not appear to be related 
to acid production. This was not unexpected since the ab­
sorption of the acids from the rumen, the inflow of alkali 
from saliva or diffusion from the blood into the rumen and 
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the presence of buffering agents in the rumen tend to bring 
the pH toward neutrality. Raun ejk al. (I962) reported that 
the addition of sodium bicarbonate to high-concentrate 
rations tended to elevate ruminai pH, 
The acetate to propionate ratio was consistently narrowed 
by addition of concentrates to the ration. This was observed 
with levels of concentrate as low as 20 percent; however, the 
ratio was narrowed to a greater extent at levels of 60 or 80 
percent. The narrowed ratio was generally the result of 
decreased acetate and increased propionate production. How­
ever, in volatile fatty acid Trials 2 and 3» the level of 
propionate was constant or only slightly increased while the 
level of butyrate was significantly increased. The decrease 
in acetate levels, due to addition of concentrate to the 
ration, is in agreement with that reported by numerous work­
ers. Propionate production has been observed to be increased 
by the addition of concentrates to rations of lactating cows 
as reported by Ensor et al. (1959)» Tyznik and Allen (I95I) 
and Van Soest and Allen (1959)• Hinders and Owen (I963) 
found that butyrate production increased when the level of 
concentrate was increased from 30 to 90 percent. This was 
also demonstrated by Raun et al. (I962) and Donefer ejfc al. 
(1963) with lambs and Bishop ejk al. (I963) with lactating 
dairy cows. Butyrate production is known to increase by in­
creasing feed intake (Bath and Hook, I963) or by increasing 
the level 6f protein in the ration (Eusebio eib al., 1959) • 
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The increase in butyrate, in the present studies, does not 
appear to be associated with protein level since the rations 
were essentially iso-nitrogenous, The change from propionate 
to butyrate production is of special significance since buty-
rate is less efficiently utilized as an energy source for the 
fattening ruminant than propionate (Armstrong and Blaxter, 
1957b). 
The effect of concentrates on branched-chain acids and 
valerate tended to be variable in these studies, Branched-
chain acid production was increased by the addition of con­
centrates to non-pelleted rations in Trial 3» This was unex­
pected since the rations were essentially iso-nitrogenous, 
El-Shazly (1952) demonstrated an increase in the proportions 
of four and five carbon acids in the rumen after administra­
tion of protein-rich feeds. However, Davis et al. (1957) 
observed only a slight rise in these acids when soybean oil 
meal constituted the protein supplement. 
The influence of particle size on rumen fermentation was 
demonstrated in two trials (Trial 2 and 5) in which the 
rations were composed entirely of hay. Feeding alfalfa hay 
ground through a 1/4 inch hammer mill screen resulted in an 
18 percent increase in the fatty acid concentration in the 
rumen over that of 1/2 inch ground hay. On the other hand, 
pelleting the 1/2 inch ground hay increased acid production 
15 percent over ground hay. The pelleting process may have 
brought about a further reduction in the size of the hay 
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particles. The results of Trial 5 showed that the acid 
production in lambs fed ground hay was 22 percent lower than 
that of lambs fed long hay. Pelleting the hay increased acid 
production about eight percent over ground hay. Re-grinding 
the hay pellets resulted in an acid concentration similar to 
that of ground hay. Grinding, pelleting or re-grindng the 
hay pellets widened the ratio of acetate to propionate which 
was due largely to a decrease in propionate production. The 
fermentation pattern with long hay may be explained in part 
by the animals' selection of the leafy portions of the hay 
and refusing the stems or more cellulosic portions. These 
results are in agreement with those of other workers. Alex­
ander and Hentges (I962), Balch and Rowland (1957) and Leffel 
and Komarek (I96I) have reported that feeding finely ground 
hay increased ruminai acid concentrations as compared to long 
hay, while pelleting increased acid production over ground 
hay (Leffel and Komarek, I96I) or long hay (Leffel, I962). 
Grinding or pelleting of the hay did not alter the ace­
tate to propionate ratio in these studies. However, other 
workers have observed that grinding (Alexander and Hentges, 
1962) or pelleting (Hartley, I962 and Leffel, I962) resulted 
in lower levels of acetate and higher levels of propionate as 
compared to long hay. 
The rate of volatile fatty acid production was not sig­
nificantly altered by grinding or pelleting the hay in Trial 
5. However, acid production tended to be higher at two hours 
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after feeding with long hay. In contrast, Meyer et al. 
(1959a) found a faster breakdown of holocellulose accompanied 
by increased acid and carbon dioxide production one and one-
half and four hours after feeding of pelleted hay as compared 
to chopped hay, Balch and Rowland (1957) reported a more 
rapid rate of fatty acid formation when the hay was finely 
ground. 
Although the number of animals used in these studies was 
rather limited, the growth response resulting from feeding 
pelleted all-roughage rations was similar to that reported by 
other workers. Weir et al. (1959) found that pelleting the 
hay increased steer gains 21 to 27 percent and feed consump­
tion 17 percent as compared with ground hay. Grinding or 
pelleting the hay increased gains of beef calves 50 to 99 
percent and feed consumption 30 to 39 percent over long hay 
(Cullison, 1961). Similar benefits of pelleting have been 
demonstrated with sheep (Meyer et al., 1959a, 1959% and Meyer 
et al., i960). 
The increase in rate of gain in sheep fed pelleted hay 
has been attributed to increased feed intake (Meyer et al,. 
1959a). However, the utilization of the increased feed 
intake has been variably affected. The digestibility of 
ether-extract (Blaxter and Graham, 195& and Lindahl and Rey­
nolds, 1959) and nitrogen-free extract (Alexander and Hentges, 
1962) was increased while dry matter, energy and crude fiber 
was decreased (Alexander and Hentges, I962 and Klosterman ejt 
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al., i960) by pelleting the hay, Wallace et al, (I96I) have 
shown no effect of pelleting on the total digestible nutrients. 
The faster rate of passage of pelleted hay through the reti-
culo-rumen appears to be responsible for the increased Intake 
(Blaster et al.. 195^  and Meyer ejfc âl* > 1959a-). Nevertheless, 
Blaxter and Graham (195^ ) show a higher net energy value for 
pelleted hay than chopped hay. Although feed intake appears 
to be the major factor influencing performance of animals 
fed all-roughage rations, the increase in volatile fatty acid 
production resulting from pelleting of the hay cannot be 
overlooked. The present studies indicate that the acid pro­
duction was markedly increased by pelleting, however, the 
proportions of the acids were not altered. This suggests a 
faster rate of digestion as has been proposed by Meyer e^  al. 
(1959a). 
The results of these studies indicate that the type of 
rumen fermentation as a result of pelleting a complete ration, 
as compared to a non-pelleted ration, is largely dependent 
on the level of concentrate in the ration. Furthermore, the 
level of concentrate appears to be somewhat specific. For 
example, pelleting a 20, 40 or 80 percent concentrate ration 
tended to increase volatile fatty acid concentration but did 
not alter the proportions of the acids as compared to the 
non-pelleted rations. On the other hand, pelleting a 60 per­
cent concentrate ration significantly narrowed the acetate 
to propionate ratio by decreasing acetate and Increasing 
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propionate production. Rhodes and Woods (I962) and Woods and 
Luther (I962) reported similar findings with pelleted rations 
containing 67 percent concentrate. 
The feeding of non-pelleted concentrates (67 percent) 
in association with pelleted roughage resulted in a volatile 
fatty acid pattern similar to that obtained by pelleting a 
complete ration containing 60 percent concentrates (Trial 3) 
or 67 percent concentrate (Rhodes and Woods, I962). Pellet­
ing the roughage portion of a ration containing 80 percent 
non-pelleted concentrate resulted in an acetate to propionate 
ratio similar to that of the completely pelleted ration; how­
ever, the ratios in either case were not different from the 
non-pelleted ration. When the roughage was pelleted and fed 
in association with non-pelleted concentrates (20 percent) 
the ratio was widened as compared to the complete pelleted 
ration. Pelleting the concentrate portion of rations con­
taining either 20 or 80 percent concentrate tended to further 
narrow the ratio. Woods and Luther (I962) using lambs and 
Bishop e;fc al. (I963) with lactating cows found that pelleting 
the concentrate portion of low roughage rations widened the 
acetate to propionate ratio. 
The size of grind of the hays in the pelleted roughage 
was shown in Trial 2 to affect the proportions of volatile 
fatty acids in the rumen. Feeding non-pelleted concentrates 
in association with 1/4 inch ground and pelleted hay decreased 
the level of acetate and increased the level of propionate 
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when compared to 1/2 inch ground and pelleted hay. 
Attempts to simulate the pelleting process "by moist 
heating were not entirely satisfactory. Nevertheless, there 
was a tendency for the heated rations to produce lower levels 
of fatty acids and a narrower acetate to propionate ratio 
than the unheated ration. This effect was more pronounced 
in the case of the heated ration which was allowed to dry at 
room temperature. Autoclaving com has been shown to lower 
total acid production but widened the acetate to propionate 
ratio (Eaun and Burroughs, I96I). Garner et a2. (1957) 
found higher concentrations of fatty acids ^  vitro and faster 
rate of production in vivo with flaked com as compared to 
unheated corn. Newland et_ al. (I962) found that heated, 
pelleted, crumbled or flaked com narrowed the acetate to 
propionate ratio as compared to ground com. The altered 
ratio was due to a marked increase in propionate while acetate 
decreased only slightly, Butyrate level was also increased 
by heat-processing the corn. 
While animal numbers in this study were too small to 
permit an evaluation of growth data, it is of interest to 
note the reduction in feed consumption of lambs fed complete 
pelleted rations containing 60 and 80 percent concentrate. 
The gains, however, were similar to those of animals fed 
non-pelleted rations. Feed conversion was thus improved and 
favored the pelleted rations. Woods and Hhodes (I962) found 
that lambs fed a high concentrate pelleted ration were more 
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efficient in feed conversion than those fed the ration in the 
meal form. Thompson et a2. (1957) reported similar results 
with lambs fed a pelleted 50 percent concentrate ration. 
The performance of beef cattle has tended to follow a similar 
pattern. Burroughs et al. (1959) and McCroskey et (I96I) 
have shown that gains and feed consumption were not greatly 
affected by pelleting a high-concentrate ration; however, 
feed conversion was improved in these studies. 
The differences reported in feed conversion cannot be 
explained by the digestibility of nutrients. McCroskey et al. 
(1961) and Weir et. al. (1959) found no difference in total 
digestible nutrients in pelleted high-concentrate rations 
compared to non-pelleted rations. However, crude fiber di­
gestibility tends to be lower with pelleted rations (Pontenot 
and Hopkins, I96I and McCroskey et. §2., I96I). 
The improved feed efficiency obtained by feeding 
pelleted high-concentrate rations may be explained by the 
proportions of acids produced in the rumen. Under these 
conditions the molar percentage of propionate and in some in­
stances, butyrate are markedly increased while the percentage 
of acetate is decreased. Armstrong and Blaxter (19573- and 
1957b) found that propionate, because of its lower heat in­
crement, was a better source of energy than acetate. Butyrate 
was less efficiently utilized than propionate but more effi­
ciently than acetate. Carroll and Hungate (195^ ) have in­
dicated that the fermentation acids provided about 70 percent 
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of the total energy requirement of ruminants. Recently, 
Blaster (I962) postulated that the mixture of acids produced 
in the rumen was utilized for maintenance with an efficiency 
of 85 percent. The pH of rumen contents resulting from the 
feeding of pelleted high-concentrate rations tends to favor 
the absorption of propionate and butyrate (Danielli et. al,, 
1945-1946). 
One of the advantages of pelleted rations for ruminants 
has been the reduction in feed waste. This was convincingly 
demonstrated in Trial 4, Pelleting the entire low-roughage 
ration resulted in a four-fold reduction in waste during 
feeding, while the reduction was two-fold for the high-con­
centrate ration. By making a few calculations, it can be 
readily recognized that the savings in feed could reduce the 
cost of pelleting by one to two dollars per ton. It was also 
noted in this study that pelleting the complete ration re­
sulted in a more balanced intake of nutrients and eliminated 
sorting by the animal. 
The results of chemical analyses and in vitro fermenta­
tions did not reveal a significant chemical change in the 
rations due to pelleting. Pelleting an all-roughage ration 
or one low in roughage did not alter the solubility of nitro­
gen. On the other hand, pelleting tended to increase nitro­
gen solubility of high-concentrate rations, particularly that 
of the complete pelleted ration and the ration in which the 
concentrate portion was pelleted. The reasons for these 
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results are not readily apparent. Numerous biochemical changes 
in ration constituents as a result of processing have been 
reported, Hintz e^  al. (I962) found that nitrogen solubility 
was lowered by autoclaving hay, Hastings and Miller (I96I) 
reported that steaming corn or sorghum grain decreased total 
solubles, reducing sugars and soluble protein. Laboratory 
pelleting had no effect on soluble protein content but com­
mercial pelleting decreased it (Hastings, I962), 
Rumen microorganisms from a steer fed a 40 percent con­
centrate ration were found to be capable of differentiating 
between a high roughage and a high-concentrate substrate. It 
was, therefore, assumed that rumen microorganisms would be 
able to detect chemical changes in the rations brought about 
by pelleting, provided such changes did occur. The substrates 
used in these fermentations included the low and high-concen-
trate rations which had been fed to lambs in the form of a 
meal, complete pellet, roughage pelleted-concentrate meal and 
concentrate pelleted-roughage meal. There was no difference 
between physical forms at either level of concentrate in 
total acid production or in proportions of the acids. It was 
apparent that the pelleting process had not brought about 
major chemical changes in these rations. The possibility 
that the rumen microorganisms were unable to detect such 
changes was rejected since the responses to glucose and 
casein additions were quite large. Apparently the conditions 
of the pelleting process in these studies were not such that 
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the starchy portion of the grains was solubilized as has been 
demonstrated by Hastings and Miller (I96I) and Smith (1959)• 
Salsbury e;t al. (1961a) have shown that dry heat decreased 
starch digestion by rumen bacteria and that moist heat in­
creased it. Boiled starch narrowed the acetate to propionate 
ratio and increased lactic acid production as compared to 
unheated starch (Salsbury ejb al., 1961b). The addition of 
steam to the mash prior to pelleting appears to be the major 
influence on the degree of gelatinization of starch (Smith, 
1959). This factor was not controlled during the commercial 
pelleting of the rations used in this study. In the case of 
the ration containing 80 percent concentrates, steam was 
added to produce a pellet of the desired hardness. The ra­
tions containing all or large amounts of ground hay contained 
adequate moisture to facilitate the production of hard pellets 
and thus steam was not added. The possibility of incomplete 
gelatinization of starch has been suggested by Hastings et 
al, (1962), They found that starch gelatinization was con­
siderably higher in the outer 20 percent portion of pellets 
than the inner portion. 
The response of rumen microorganisms to the addition of 
glucose to a high-roughage substrate is of interest. Volatile 
fatty acid production was increased and the ratio of acetate 
to propionate reduced. The level of acetate decreased while 
levels of propionate and butyrate increased. This response 
was not observed by the addition of seven percent glucose to 
221 
lamb rations. In Trial 1, addition of glucose decreased acid 
production slightly but did not alter the acetate to pro­
pionate ratio as compared to the basal ration; however, buty-
rate production increased slightly. On the other hand, Ensor 
et al, (1959) observed a marked reduction in acetate produc­
tion and an increase in butyrate and higher acids by feeding 
glucose with hay pellets. Bladen and Doetsch (1959)j using 
washed cell suspensions, found that propionic acid was the 
major constituent of the total volatile fatty acids produced 
from glucose. 
During the initial phases of this study it became in­
creasingly obvious that the changes in ruminai volatile fatty 
acids could be brought about by varying the level of concen­
trate or by changing the physical form of the ration. How­
ever, pelleting did not appear to bring about significant 
chemical changes in the ration which could account for the 
change in rumen fermentation. Since the microbial population 
is entirely responsible for the production of organic acids 
in the rumen, it seemed reasonable that these populations 
must undergo extensive changes when the characteristics of 
the ration are altered. The effect of diet on the number, 
type and functional activity of the rumen bacteria has been 
demonstrated by Elsden (19^ 5)» Gall e^  al. (19^ 9) and Quin 
(19^ 3)• Christiansen (I963) observed that a reduction in the 
particle size of the ration or pelleting decreased the numbers 
of protozoa in the rumen. 
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A series of in vitro rumen fermentations were conducted 
to study, in more detail, the interrelationships of the 
nature of the diet and rumen microbial populations. The 
principal objective was to determine the effect of protozoa 
on volatile fatty acid and ammonia production when rations 
used in the lamb experiments constituted the fermentation 
substrate. The initial problem, that of obtaining a large 
suspension of protozoa from rumen contents, which was rela­
tively free of feed and extraneous material, was satisfac­
torily accomplished. The collection of rumen fluid from the 
donor animal before the morning feeding and from the cistern 
or pool of fluid in the rumen resulted in large concentrations 
of protozoa with a minimum of feed debris. Slow centrifuga-
tion of the rumen fluid removed almost all of the protozoa. 
Re-suspending the sediment in a balanced salt solution facil­
itated the settling of protozoa. The salt solution or wash 
solution, being less dense and viscous than rumen fluid, 
allowed the protozoa to settle to the bottom quite rapidly. 
Suspensions of protozoa, separated in this manner, contained 
all of the protozoal genera and in proportions similar to 
those found in the initial sample of rumen fluid. Peed 
material and rumen bacteria were conspicuously absent in 
these preparations. The rigorous procedures used in separa­
tion of protozoa did not adversely affect their subsequent 
growth and volatile fatty acid production. The use of soluble 
carbohydrates in separating entire populations of protozoa 
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from rumen fluid was unsatisfactory. However, these materials 
can be used advantageously in the separation of holotrichs 
from oligotrichs (Masson and Oxford, I95I). These workers 
found that the settling of oligotrich protozoa required over­
night fermentation in a glucose medium. In the present 
studies, the addition of maltose and sucrose to whole rumen 
fluid resulted in a differential separation of protozoa 
depending on the quantity of the carbohydrate ingested. The 
yield of Entodinium spp, and Dasvtricha was markedly lower 
when these sugars were used to separate protozoa from the 
rumen fluid. 
The medium used routinely in this laboratory for bac­
terial fermentations was found to be satisfactory for the 
culture of bacteria with protozoa in these studies. However, 
it should be noted that volatile fatty acid production was 
sub-optimal in cultures of protozoa free of bacteria with 
either the bacterial or the protozoal medium, Holotrich 
protozoa utilize soluble carbohydrates in preference to the 
large starch granules (Heald and Oxford, 1953» Masson and 
Oxford, 1951 and Sugden and Oxford, 1952). Amino acids 
appear to be the most desirable source of nitrogen for ciliate 
protozoa (Quinn ejb , I962 and Williams e;t al., I96I), 
Abou Akkada and Howard (I962) found that urea was not util­
ized by Entodinium spp. Since the substrates consisted of 
finely ground feed in the present studies, the soluble carbo­
hydrates, amino acids, or both may not have been available in 
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amomts sufficient to satisfy the requirements of the protozoa. 
Rumen bacteria may have supplied the needed energy and nitrogen 
as indicated by the faster rate of acid production in cultures 
cdntaining bacteria and protozoa as compared to those which 
contained bacteria alone. 
The optimal length of fermentation with mixed cultures 
of bacteria and protozoa was not determined in these studies 
since acid production was increasing at the time the fermen­
tations were terminated. However, the acid concentration at 
24 hours was of sufficient quantity to be determined analy­
tically . 
The optimum level of protozoa per liter of bacterial 
inoculum, with respect to acid production was 24 and 12 milli­
liters of settled protozoa for the low and high-concentrate 
substrates, respectively. Beyond these levels acid produc­
tion increased but was not doubled by each additional level 
of protozoa. Cellulose digestion was not enhanced by addi­
tion of protozoa to bacterial cultures when the substrate was 
the low concentrate feed. On the other hand, digestion of 
cellulose in the high-concentrate substrate increased with 
each addition of protozoa up to 24 milliliters per liter and 
then declined. The lack of a stimulation of cellulose diges­
tion, with the high roughage substrate, cannot be readily 
explained, Yoder et al. (I963) have shown that the addition 
of protozoa to bacterial cultures increased cellulose diges­
tion by 70 percent when purified wood cellulose was used as 
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the substrate. 
The addition of protozoa to bacterial cultures increased 
volatile fatty acid production by 38 to 50 percent and ammonia 
production by 40 percent. The presence of protozoa also 
exerted a pronounced effect on the proportions of volatile 
fatty acids. The acetate to propionate ratio was slightly 
narrowed in the case of the low-concentrate substrate but 
significantly widened with the high concentrate. Although 
the magnitude of change differed between levels of concen­
trate, the general effect of adding protozoa was to decrease 
acetate and propionate and to increase the production of 
butyric, valerate and branched-chain acids. Limited informa­
tion is available for comparison; however, Abou Akkada and 
El-Shazly (196^ ) and Christiansen (I963) observed a narrowing 
of the acetate to propionate ratio accompanied by decreased 
acetate and increased propionate production in faunated lambs 
as opposed to protozoa-free lambs. Butyrate and higher acids 
were also increased, Yoder ejfc a2, (I963) found that the 
addition of protozoa to bacterial fermentations did not 
appreciably alter the acetate to propionate ratio but tended 
to increase butyrate production. Studies in which pure cul­
ture techniques have been employed have indicated a vigorous 
fermentation of sugars and polysaccharides by rumen ciliate 
protozoa. According to Oxford (1955) acetate comprises the 
largest percentage of volatile fatty acids produced while 
butyrate and propionate are produced in lesser quantities. 
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Holotrich protozoa convert about 50 percent of the soluble 
sugar in the medium to storage polysaccharide while the re­
mainder was metabolized to lactic, acetic and butyric acids. 
Protozoa have been reported to contribute more than 10 per­
cent of the volatile fatty acids formed in the rumen (Guti­
errez, 1955)» Oligotrich protozoa produce end-products 
similar to the holotrichs, however, generally less lactic 
acid is produced (Howard, I962), 
Results of the final phase of this study, using faunated 
and protozoa-free lambs agree in part with the findings of 
Christiansen (1963). The presence of protozoa in lambs fed 
the low-concentrate ration resulted in the production of 
larger quantities of volatile fatty acids (I3 percent more) 
and 17 percent more butyrate than protozoa-free lambs. How­
ever, protozoa had little effect on the ratio of acetate to 
propionate or proportions of other acids. On the other hand, 
the effect of protozoa in the rumens of lambs fed the high-
concentrate ration was too narrow the ratio by increasing 
propionate production. In this case, butyrate and branched-
chain acid production were lowered while acetate was un­
changed , 
Faunated lambs fed low and high-concentrate rations 
produced 48 and 157 percent more ammonia, respectively, than 
the lambs free of dilate protozoa. Ammonia production was 
increased by 4o percent in the in vitro fermentations, 
Christiansen (I963) reported that faunated lambs produced 
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about 100 percent higher ammonia levels than protozoa-free 
lambs. Lambs harboring Bntodinium spp. produced nearly as 
high ammonia levels as lambs which were fully faunated. The 
protozoan, Ophrvoscolex caudatus (Williams et al., I96I) and 
Bntodinium spp. (Abou Akkada and Howard, I962) form ammonia 
as the end-product of nitrogen metabolism, while the holotrich 
protozoa do not (Howard, I962), 
The increase in volatile fatty acid production and the 
narrower acetate to propionate ratio in the rumens of faunated 
lambs were not attributable to an increased utilization of 
nutrients. The digestion coefficients of the ration com­
ponents were essentially the same for faunated lambs or 
protozoa-free lambs. This was not entirely unexpected since 
Becker ejt al. (I93O) had found essentially the same results 
with faunated and defaunated goats. The lambs were not fed 
all the feed that they would consume; however, those fed the 
high-concentrate ration were approaching full feed. Feed 
intake was maintained at about two pounds per lamb daily for 
purposes of making direct comparisons between levels of con­
centrate. Greater differences in digestibility may have 
occurred had the lambs been fed on a higher plane of nutri­
tion. The increase in flagellate protozoa and populations of 
the "large" bacteria in protozoa-free lambs may further ex­
plain the failure to detect differences in digestibility. 
This certainly suggests that these rumen microbes may have 
taken over the activities of the ciliate protozoa, thus 
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altering rumen fermentation but maintaining the utilization 
of feed nutrients. 
Large populations of flagellated protozoa, resembling 
Callimastix frontalis. Eutrlchomastix ruminantium and Tricho­
monas ruminantium were found in the rumens of lambs free of 
dilate protozoa, Becker ejt al. (1930) reported these organ­
isms In the "normal" rumen but they were never found in abun­
dant numbers. Eadie (1962a) found that a population of 
flagellate protozoa developed when the dilates disappeared 
from the rumen of calves and lambs. 
Concomitant with the increase in flagellate protozoa, 
large populations of the "large" bacteria were observed in 
the rumens of defaunated lambs. Most conspicuous was the 
bacterium Osdllosplra gullllermondll. while organisms of the 
selenomonas variety were present in large numbers. Organisms 
of the sarclna variety were present in modest numbers. Al­
though microscopic counts were not made in this study, there 
was no doubt that these species of bacteria were more pre­
valent in the rumens of lambs free of dilate protozoa, 
Eadie and Hobson (I962) observed a significantly greater 
number of bacteria in protozoa-free lambs as compared to 
faunated lambs. When protozoa-free lambs were inoculated 
with protozoa the bacterial numbers fell to a normal value. 
Sadie (1962a) studied the development of the bacterial flora 
in young calves and lambs and observed that the large bacteria 
and small selenomonads appeared first, then Quin's ovals and 
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large selenomonads and the Osclllosplra were the last to 
appear. She also noted the presence of a large, parallel 
sided, granular staining. Gram-positive rod present in large 
numbers in protozoa-free lambs fed a high-roughage ration. 
Pounden and Hibbs (1948a) also observed this organism in 
calves; however, it was not observed by the author in the 
present studies. On the other hand, Quin's oval organism 
appeared in larger numbers in faunated lambs than in protozoa-
free lambs. Becker et al. (1930) found à large bacillus 
organism with transverse sections and rounded ends that al­
ways disappeared from the rumen simultaneously with the 
protozoa. 
Abou Akkada and El-Shazly (1964) reported greater numbers 
of Oscillosplra. large oval organisms (described by Eadie, 
1962a) and actively motile flagellates (presumably selenomo­
nads) in the rumens of protozoa-free lambs than in faunated 
lambs. These findings are of particular significance since 
the lambs used by these workers were young lambs (three days 
old) which were reared in isolation and thus were free of 
protozoa from birth. In the present study, similar changes 
in the bacterial population were observed in protozoa-free 
lambs; however, the lambs averaged 60 pounds in weight and 
undoubtedly had "adult type" microbial populations at the 
time of defaunation. This strongly suggests that the presence 
of protozoa, in some unknown manner, exerts a suppressing 
effect on certain species of the bacterial population. 
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Whether this effect is the result of competition, antagonism, 
or the engulfment of the bacteria, or a combination of these 
factors, is open to speculation. These studies suggest a 
symbiotic association of bacteria and protozoa in the rumen 
that is capable of varying with change in ruminai environment 
without materially affecting the host. 
The precise role of protozoa in the nutrition of the 
ruminant is not, at present, understood. The results of 
these studies clearly demonstrates that under certain condi­
tions rumen protozoa, by their production of volatile fatty 
acids, are capable of contributing materially to the well-
being of the host. There was no evidence, in these studies, 
that protozoa adversely affect the performance of lambs; how­
ever, the number of animals was limited and the experiment 
was of short duration (66 days), Christiansen (I963) reported 
that the absence of protozoa from the rumen reduced gains 
about 25 percent and feed efficiency by more than 30 percent. 
Recently, Abou Akkada and El-Shazly (196^ ) found that faunated 
lambs gained 16 percent faster than protozoa-free lambs 
during a 168-day period. 
In addition to fermenting soluble sugars and polysac­
charides to energy yielding end-products, protozoa possess 
other inherent properties which serve a useful purpose to 
their host. For example, protozoa convert soluble sugars 
and polysaccharides to storage polysaccharide or amylopectin, 
Holotrichs convert as must as 50 percent of sugar to amylo-
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pectin. In contrast, oligotrichs quite readily metabolize 
particulate matter in the form of starch granules. Recently, 
Eadie et al. {I963) found that the reserve polysaccharide in 
Entodinium caudatum amounted to six to seven percent of its 
dry weight. It would appear that protozoa may remove a large 
portion of the soluble carbohydrates in the rumen and then 
convert them to a less fermentable form such as amylopectin. 
It is conceivably possible that storage polysaccharide may be 
released for bacterial attack during the period of time be­
tween feedings or when the rumen fermentation is less active. 
The end-products of the fermentation of storage polysaccharide 
have been qualitatively shown to be similar to those found 
with other rumen bacteria (Abou Akkada and Howard, i960). 
The influence of protozoa on ruminai pH is of special 
significance, Howard (I963) found that lactic acid accounted 
for 50 percent of the sugar fermented by holotrich protozoa 
but only two percent with Entodinium caudatum. The presence 
of large numbers of the latter protozoan in the i*umen, which 
is known to frequently occur, coupled with its low production 
of lactic acid may prevent the large drop in ruminai pH 
following ingestion of starchy feeds. In addition, protozoa 
may store the starch for later digestion or slowly release 
it, which would also tend to smooth out fluctuations in pH, 
The production of large quantities of ammonia raises 
some question as to the beneficial effects protozoa may have 
in the metabolism of protein-containing feedstuffs, Ammonia 
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Is absorbed through the rumen wall and passes, via the blood, 
to the liver where it is converted to urea. This, in turn, 
is recycled to the rumen in saliva or is excreted in the 
urine. Ammonia may thus arise from the degradation of urea 
or dietary protein by rumen bacteria. This ammonia is avail­
able for synthesis of microbial protein which is then digested 
by the host. The degradation of dietary protein and the 
deamination of amino acids results in extensive ammonia pro­
duction, probably in excess of what can be used in the syn­
thesis of microbial protein. Excess ammonia is absorbed 
through the rumen wall resulting in a loss of nitrogen via 
the urine. According to McDonald (1948) this loss may be 
substantial. It would thus appear that protozoa may waste 
protein by producing excessive amounts of ammonia. In con­
trast, protozoa may utilize ammonia to meet a part of their 
nitrogen requirements for synthesis of protozoal protein 
which has been shown to be of a higher nutritional value than 
microbial protein (McNaught ^  a2,, 195^ )' Protozoa also 
engulf bacteria and presumably digest these bacteria with 
the subsequent release of amino acids for the synthesis of 
protozoal protein. Thus, the conversion of bacterial protein 
to animal protein by rumen protozoa may be of definite bene­
fit to the host. Hungate (I95O) suggests that 20 percent of 
the hosts' nitrogen requirements may be furnished by protozoa. 
It seems reasonable that changes in the bacterial pop­
ulation resulting from the presence or absence of protozoa 
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may have a considerable influence on patterns of volatile 
fatty acid production. The feeding of finely ground feeds, 
high levels of concentrates and heated or pelleted rations 
are known to reduce the protozoal populations in the rumen. 
Under these same dietary conditions volatile fatty acid pro­
duction tends to be shifted toward higher levels of propion­
ate. This same shift could be demonstrated in vitro with 
either low or high-concentrate substrates by removing protozoa 
from the fermentation. Lower levels of acetate and higher 
levels of butyrate were observed in faunated lambs by Chris­
tiansen (1963) with a 53 percent concentrate ration and in 
the present study with a 20 percent concentrate ration. In 
contrast; the absence of protozoa from in vitro fermentations 
resulted in higher levels of acetate and lower levels of 
butyrate. The differences in volatile fatty acid concentra­
tions observed in vivo and in vitro were not unexpected since 
the in vitro system does not provide for removal of end-
products of fermentation. Furthermore, the concentration of 
fatty acids in vivo at any one time is dependent upon rates 
of production in the rumen and absorption from the rumen. 
Other factors which are known to affect the acid concentra­
tion include: the rate of passage from the rumen, the dilu­
tion with saliva and the metabolism by ruminai microorganisms. 
The shift in proportions of the fatty acids toward 
propionate and butyrate production is of important signifi­
cance in the energy metabolism of the ruminant. As compared 
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to acetate, propionate and butyrate have a much lower heat 
increment (Armstrong et al., 1958). Propionic acid is strong­
ly glucogenic (McGlymont, 1951) while butyric acid may be 
glucogenic or lipogenic (Kleiber et al., 1954). In addition 
to contributing to the energy status of the ruminant the 
fatty acids appear to influence nitrogen retention. Acetic 
acid administered to fasting lambs increased nitrogen excre­
tion while propionic acid exerted a marked nitrogen-sparing 
effect (Armstrong and Blaxter, 1957a). 
The results of these studies indicate several factors 
associated with the nature of the diet which may shift the 
volatile fatty acid pattern toward more favorable utilization 
of energy by the nminant. These factors include: (1) the 
addition of concentrates to the ration, particularly high 
levels, (2) pelleting complete rations containing 60 percent 
concentrate, (3) pelleting the roughage portion of a ration 
containing 67 percent non-pelleted concentrates and (4) 
pelleting the concentrate portion of a ration containing 80 
percent concentrates. While the proportions of volatile 
fatty acids are markedly influenced by the characteristics of 
the ration, the total acid concentration is affected to a 
much lesser extent. Pine grinding or pelleting an all-
roughage ration appeared to be the only case in which the 
total acid concentration was markedly elevated. 
In concluding this discussion, it should be pointed out 
that this research, while being exploratory in some instances, 
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has re-emphasized the extreme complexity of events occurring 
within the rumen. The characteristics of the ration were 
shown to have a pronounced effect on the end-products produced 
by ruminai microorganisms. The role of protozoa in the over­
all nutrition of the ruminant has been somewhat clarified. 
This research, indeed, suggests an apparent symbiotic rela­
tionship between ruminai bacteria and protozoa which may be 
the subject of future investigations. 
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SUMMâHY 
A series of lamb experiments were conducted to determine 
the effect of concentrate feeding and physical form of the 
ration on ruminai pH and volatile fatty' acid production. The 
lambs were fed rations containing all roughage or 20, 40, 6o, 
67 and 80 percent concentrate. Increasing the level of con­
centrate in the ration reduced ruminai pH and fatty acid con­
centrations and narrowed the acetate to propionate ratio. 
The ratio was narrowed most markedly by levels of concentrate 
above 60 percent. The narrower ratio was the result of a 
decrease in acetate and generally, an increase in propionate 
production. Butyrate production, however, was markedly in­
creased, while valerate and branched-chain acids tended to be 
variable. 
Ruminai volatile fatty acid concentrations were increased 
by feeding an all-roughage ration in the finely ground or 
pelleted form; however, fine grinding or pelleting did not 
alter the relative concentration of the individual acids. 
The addition of concentrates to finely ground hay narrowed 
the acetate to propionate ratio. Pelleting a 20, 40 or 80 
percent concentrate ration tended to increase volatile fatty 
acid production, but did not significantly affect the acetate 
to propionate ratio; however, pelleting a 60 percent concen­
trate ration resulted in a marked narrowing of the ratio. 
Pelleting of the roughage and feeding it in association with 
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non-pelleted concentrates, in rations containing 67 percent 
concentrate, resulted in a fermentation pattern which was 
similar to that observed by pelleting the complete ration. 
Pelleting the roughage portion of a 20 percent concentrate 
ration widened the acetate to propionate ratio, while pellet­
ing the concentrate portion of an 80 percent ration narrowed 
the ratio. 
Moist heating of the ration followed by drying at oven 
or room temperature did not bring about changes in the rumen 
fermentation similar to those obtained by pelleting. Pellet­
ing did not appear to result in significant chemical changes 
of the feed as indicated by either soluble nitrogen or by 
fatty acid production by ruminai microorganisms vitro. 
The relationship between diet, the rumen microbial pop­
ulation and the rumen fermentation were studied in vitro and 
in a lamb trial. The addition of washed, settled protozoa 
to in vitro bacterial cultures increased fatty acid production 
by as much as 50 percent and ammonia production by 4o percent. 
The addition of protozoa tended to decrease levels of acetate 
and propionate and to increase levels of butyrate, valerate 
and branched-chain acids. High-concentrate substrates in the 
in vitro cultures resulted in higher concentrations of fatty 
acids and ammonia as compared to the low-concentrate sub­
strates. In an experiment with lambs fed rations containing 
20 or 80 percent concentrate, ruminai volatile fatty acids 
and ammonia concentrations were higher in faunated lambs as 
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compared to protozoa-free lambs with the lower level of con­
centrate, With the higher concentrate ration, the acetate 
to propionate ratio was narrowed as a result of increased 
propionate production in the faunated lambs. Digestibility 
of either ration was not affected by the presence or absence 
of protozoa in the rumen. Lambs fed the higher concentrate 
ration had smaller numbers of Diplodinium spp., but larger 
numbers of Bntodinium and Ophryoscolex spp. than lambs fed 
the higher roughage ration. Large populations of the flagel­
late protozoa were observed in the rumens of lambs free of 
ciliate protozoa. Organisms of the Oscillospira variety, 
small and large selenomonads and sarcina were observed in 
larger numbers in the rumens of ciliate-protozoa-free lambs 
as compared to faunated lambs. 
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Table ^0, Analyses of variance of data from volatile fatty acid Trial 1 
Source of 
variation 











Rations (R) 5 0,012 68.8 0.356 68.17 43.39 14.32 5.30 
Animals (A) 2 0 .012 39.5 0 .145 14.74  10 .80  21 .82  0.55 
Samples (S) 1 0.001 59.0 0.040 0.64 0.12  0.05 0 .09  
R X  A 10 0.044 117.9 0.765 34.50 119.82 32.02 1.60 
R X  S 5 0.013 25.0 0.590 49 .66  56.09 12.51 2.59 
A X  S 2 0.006 44.0 0.315 1.40 28.10 25.09 0.84 
Remainder 10 0.014 50.3 0.148 8.23  19.44 12.63  0.96 
I^ncludes iso-butyric, isomers of valeric and valeric acids. 




d.f. pH uM 
V.P.A. 
per ml. 
O2/C3 C2 G3 G4 
Total 4? 
Treatment 7 0.132 737.86 3.03 373.75 148.97 65.30 
Physical form 1 0.013 10.00 0.02 69.36 0 .66  58.96 
Concentrate 1 0.718 3617.48 19.82 2429.63  903.07  389.88 
Grind 1 0.078 668.27 0.29 41.26 44.86 0.12 
Grind x form 1 0.047 595.72 0.32 — — 3.62 4.94 
Grind x concen­
trate 1 9.10  0.05 45.82 56.76 1.27 
Form X concen­
trate 1 0.065 259.93 0.60  16.45 24.93 1.84 
3 way interaction 1 0.002 4.50  0.09 13.76 8.86 0.12 
Animal 2 0.014 630.32 0.20 45.60 35.85 24.82 
Sample 1 0.014 335.56 0.06  17.16 0.57 8.84 
Treatment x animal 14 0.020 122.84 0.16 19.61 17.14 28.35 
Treatment x sample 7 0.008 38.25 0,45 47.49 10.80 10.95 
Animal x sample 2 0.052 11,80 0.03  3.78 5.54 12.69  
Residual 14 0.015 148,49 0.14 16.64 6.90  7.82 




d .f pH uM 
V.P.A. 
per ml. 
O2/O3 O2 G3 C4 
Total 71 
Treatment 7 0.23 416.6 2.40 269.4  142.3 94.6 
Meal vs. pellets 1 0.22 315.5 2.31 78.3 188.8 30.4 
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Animal 2 0.02 28.2 0.44 20.4 25.8 66.7 
Sample 2 0.04 74.0 0.21 51.8 15.6 1.5 
Treatment x animal 14 0,71 216.5  0.66 46.5 35.7 18.2 
Treatment x sample 14 0.02 95.6 0,20 16.4  6.8 8.4 
Table 32 (Continued) 
Mean square 
Source of d.f. pH ÛM Cp/Co C% C% Ch, 
variation V.F.A. 
per ml. 
Animal x sample 4 0.04 50^ -0 0.02 15»2 2.3 16,6 
Residual 28 0.16 215.9 0.20 18.0 9.5 10.6 
Table 33.  Analyses of variance of the data from volatile fatty acid Trial 4 
Mean square 









644.2 8.43 1358.6 1181.2  48.1 
Level of concentrate 1 4.96 2660.8 56.59 9I89.2 7854.2 0.8 
Form within low con­
centrate®- 3 0.36 554.4  0.53 61.9  90.5 67.6 
M+GM vs. P+GP 
M+RM vs. P+RP 











0 .65  










Form within high con­
centrate®- 3 0.32 61.7 0.29 45.2 47.8 44.4 
M+GM vs. P+GP 
M+RM vs. P+RP 






















Animal 2 0 .05  475.3 0.91  48.5 327.8 110.4 
Sample 2 0 .05  398.3 0.12 2.0 13.7 10.3  
Treatment x animal 14- 0.11 313.0 0.14 13.4 73.1 57.7 
M^ = meal:P = pellet: G = concentrate and R = roughage. 




d.f. pH uM 
V.P.A. 
per ml. 
O2/C3 2^ C3 C4 
Treatment x sample 0.01 48.8 0.16 33.2 26.1 15.4 
Animal x sample 4 0.02 131.6 0.03 7.6 2.5 28.9 
Residual 28 0.06 65.3 0.17 21.9 35.2 11.5 




d. f .  pH uM 
V.P.A. 
per ml. 
c. 2^ C3 c :4 Other acids^  
Total 63 
Form (F) 3 0. ,060 1238 1 ,  .33 58 .33 46, .24 8. 07 4 .55 
Time (T) 3 0, ,527 4635 1 .  85 44 .67 72, .28 5. 55 3 .30 




 222 0, ,18 4 .67 6, ,41 7. 57 1 .40 
P X  T 9 0< .011 18 0, ,02 2 .33 1. 68 4. ,80 0 M 






 511 0, .33 26 .44 11. 59 19. ,01 3 .57 
T X  A 9 0. 027 27 0. ,04 5 .44 1. 55 3. ,14 0 .71 




28 0, ,06 7 .93 0, .91 2. ,70 0 .89 
I^ncludes iso-butyric, isomers of valeric and valeric 
Table 35» Analyses of variance of rate of volatile fatty acid production by rumin­







Cg/G^  2^ C3 04 Other 
acids 
Total 69 
Trials (T) 1 18.31 0.12  0  0  1 .22  0 .29  
Substrate (S) 1 1166.88 63.42 2567 2363 3.44 4.63 
Period (P) 6 694.63 38.32 615 427 13.62 8.79 
T X  S 1 15.27 0.04 8 6  0.39 0.86  
T X  P 6 1 .78  0.86  222 30 4.14 1.39 
S X  P 6 42.90 3.36 188 61 11.72 13.50 
Remainder 48 1.84 7.44 2 15 2.59 2.30  
'^Includes iso-butyric , isomers of valeric and valeric acids. 
Table 36. Analyses of variance of the effect of level of concentrate and physical 







Og/Cg ^2 C3 C4 Other 
acids^  
Total 65 
Trials (T) 1 38.00  3.16 520.0 153.0 56.38 8 .15  
Substrates (S) 10 80.40 1.75 126.3  121.3  1 .25  8.79 
T X S 10 2.00  0 .20  21 .3  7.8 1.14 2.28  
Remainder 44 2.30  0.08 8.3 4.0 0.55 0.92 
I^ncludes iso-butyric, isomers of valeric and valeric acids. 
Table 37» Analyses of variance of volatile fatty acid production by ruminai pro­







G2/C3 22 C3 C4 Other 
acids®' 
Total 
Media (M) 1 2.73 12.42 3 50.82  99.66 8.42 
Culture (C) 2 1888.66  427.72 1413 1784.85 109.22  28.48 
Period (P) 6 386.38 14.66 416 148.88 61.72  7.36 
M X C 2 1.95 8.55 112 15.64 98.00  5.56 
M X P 6 1.66  4 .82  12  6.58 10.16 1.36  
C X P 12 65.56  15.79 59 69.96 12 .49  1.44 
Remainder 12 1.57 7.31 26 19 .07  6.62  3.59 
I^ncludes iso-butyric, isomers of valeric and valeric acids 
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Table 38. Analyses of variance of the influence of protozoa 
additions to bacterial cultures on cellulose di­











Substrates (S) 1 51.00 274.00 
Protozoa (P) 4 30.00 712.20 
S X P 62.25 2.75 
Remainder 20 9.55 7.45 
Table 39, Analyses of variance of volatile fatty acid production by bacteria and 







C2/C3 "2 C3 IO4 G4 iC5 =5 
Total 143 
Trials 2 41.00 0.105 59 .00  3.38 1.98 4.69 6.18  0.48 
Treatment 15 550.67 0.567 420 .66  352.16  3.26 605.96 28.79 3.55 
Concen­
trate (C) 1 1350.00 5.980 1780 .00  792.43  0.54 362.59 14.00 0.28  






.00  3802.78 46.24 8483.95 376.03 44.33 
Physical 
Form (P) 3 2.00 0.0167 2  .00 25.70 0.16 0.49  1.58 0.49 
C X  P 1 14.00 1.930 370 .00 636.71  1 .03  203.08 27.65 2.86 
C X  P 3 8.33 0 .007 6  .67 3.79 0.14 5.97 1 .47  0.85 
P X  P 3 0.67  0.020 12 .67 1.11 0.03  1.22 0 .60  0.37 




 0.06  30 .00 3.35 0.02 5.61 1.06 0.19  
Remainder 126 2.07 0.041 17 .00 39.73 0.13 4.63 0 .98  0.39 
275 
Table 4o. Analyses of variance of the rate of ammonia pro­
duction by ruminai bacteria and cultures of bac­
teria plus protozoa with low and high-concentrate 
substrates 
Source of d.f. Mean 
variation square 
Total ^7 
Concentrate (C) 1 111.0 
Protozoa (P) 1 1999.0 
Incubation period (IP) 5 2986.8 
C z P 1 3.0 
C z IP 5 25.0 
P z IP 5 208.4 
C z P z IP 5 4.8 
Remainder 24 6.6 
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Table 41. Analyses of variance of the ammonia production by 
bacteria and cultures of bacteria plus protozoa 
"With low and high-concentrate substrates 
Source of 
variation 
d. f. Mean 
square 
Total 63 
Trial 1 266 
Treatment 7 658 
Substrates (S) 1 483 
Physical form (P) 1 6 
Protozoa (P) 1 4115 
S X F 1 2 
S X P 1 3 
F X P 1 0 
S X F X P 1 0 
Remainder 5^ 2 
Table 42, Analyses of variance of the digestibility of a low and high-oonoentrate 
ration by faunated lambs and lambs free of ciliate protozoa 
Source of variation Mean sauare 
d.f. Dry matter Ash Cellulose Protein Energy 
Total 14 
Concentrate (C) 1 1516.59 27.28 207.96 234.34 1596.12 
Protozoa (P) 1 0.93 6.97 133.29 1.34 0.38  
G X P 1 3.84 92.03 67.97 0.00 5.64 
Remainder 11 5.09 6,61  22.75 7.64 6.74 
Table ^3» Analyses of variance of the influence of protozoa on ruminai pH and 




d.f. pH uM 
V.P.A. 
per ml. 
G2/G3 C2 G3 IC4, C4 105 
Total 74 
Concentrate (A) 1 3.06 3.0 160.6  2175.7 10.5 0.68 2041.9 CD
 
0.56  
Protozoa (B) 1 0.04 343.8 87.3 53.8 305.9 0.13  83.8 0.2 2.41 
A X  B (AB) 1 0.07 501.4 24.3 53.1 322.2 0.87  482.5 1.3 2.81 
Error a 11 0.05  301.4  20.2 46.2 91.0 0.49  100.1 0.4 0.55 
Time (C) 4  0.42 2496.1 92.9 110.7 160.1  2.96 72.5 6 . 5  1.32 
A X  G (AC) 4  0.01 239.5 10.8 32.3 4.5 0.19  6.1 1.1 0.95 
B X  G (BG) 4  0.01 10.1 3.6 25.4 1.6 0,41 11.4 0.7 0.78 
A X  B X  G (ABC) 4 .  0.00 19.5 2.2 3.8 12.7 0.11 6.3 0.1 0.01 
Error b  44 0.01 20.4 5.1 22.8 2.3 0.10 10.2 0.3  0 .27  
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Table Analyses of variance of the influence of protozoa 
and level of concentrate on ruminai ammonia pro­
duction in lambs 
Source of variation d.f. Mean square 
Total 74 
Concentrate (A) 1 76.5 
Protozoa (B) 1 704.8 
A X B (AB) 1 159.7 
Error a 11 22.6 
Time (C) 4- 224.9 
A X C (AC) 4 57.6 
B X C (BC) 4 8.9  
A X B X C (ABC) 4 5.5  
Error b 44- 3.I 
